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FORE WORD

This report describe s the results of a research program un-

dertaken to study the factors affecting the analysis of thin

films and surfaces using Auger electron spectroscopy . The pro-

gram was conducted durinç the period December 1973 through De-

cember 1976 by Universal Energy Systems , Inc ., 3195 Plainfield

Road , Dayton , Ohio 45432, at the Air Force Aerospace Research

Laboratories and the Air Force Materials Laboratory under Con-

tract F33615-74—C—4017 , initiated under Task No. 230301. The

research was performed by Dr. J. T. Grant and M. P. Hooker with

the technical assistance of R. G. Wolfe and J. R. Miller. The

Project  Eng ineer for the Air Force was Dr. T. W. Haas, Nonmetal-

lic Materials Division (AF ML/MBM). The authors submitted this

report in February 1977.
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SECTION I

INTRODUCTIO N

The elemental composition of the few outermo st atomic

layers of a solid can be determined using Auger electron spec-

troscopy ( A E S ) .  Problems in interpreting AES data both quali-

tatively and quantitatively due to overlap of spectral lines ,

chemi ca l sh if ts in spectra , changes  in sp~~c t ral  l ine shape ,

electron beam interactions and sample charg - ag have been in-

vest iqated and methods to overcome them have been developed .

Problems that arise in depth profiling solids by inert gas ion

bombardment have also been studied and techniques to improve

the reliability of such measurements have also bee1. developed.

1

—
--.. . 

- - - 
~~~~~~~~~~~~~

—- ----• 
- - .



SUCTION 11

A U G E R  I - L C T R O G  SPECTROSCOPY

A .  P o t e n t i a l  N o du l at i o n  D i s t o r t i o n

The most  common method fo r  r o d u ci ng  Auger  e l e ctr o n s  is by

el ec t ron  b eant  impac t .  lo the case  of gaseous t a rge t s  t in :  A u ~~~ r

e lec t ron  energy  d i s t r i b u ti o n  can be measured d i r e c t l y  and  I i i .

r~ L i t i v e  Auger c u r r e n t s  can me obta ined from the measured A u o ~r

i n t e n s i t i e s .  In c o n tr a s t , fo r  solid t a r g e t s  the number  of

t~~~~- ,sy r el ect  r L ’ f l S  in a g i v en  un er ~~v r a u G o  is smal l  r e l a t.~ ye 1o

th e  number of background  e l e c t r o n s  t h a t  al-c due to the I~roAuc-

ri of s co r i d er y  and h e c N ;cat t e red  e l e c t r o n s  f rom the t a r  ; t ,

so A-u c; cr  e l e c t r on  c u r r e n t s  c a n n o t  be measured  d i r e c t ly  f rom such

e c ct 1;’~ en erg~ d i s t r i b u t i o n s .  This b a c kgr o u n d  e lec t ron  c u r —

r ~ t con es w i t h  the O n e  L9~~ measured  and m u s t  be removed to oh-

i i i  a m e a s u r e  of t n t -  A u g e r  c u r r e n t s .  ‘i’hL re have Uecn a number

r i t  .ip0 roachcs  made to achieve  t h i s , t in :  most common of which is

t o  aifferentiate the clu c~ ron cn e r - i y  d i s t r i b u t i o n  to suppress

the more s lowly  va ry i n g  back g r o u n d , and use t n  ~J e a k — t o — p e a k

h t - i 2 h t s  of the enchanceci , d er i v a t i v e  Auger  f e a t u r e s  as a mea—

of the Au~~er c u r re nt s . 1 The f i r s t  d e r i v a t i v e  of the d cc-

t o n  ~ n e r cj y  d i s t r i b u t i o n  is u s u a l l y  sufficient to remove or

.- n it i s f a c t o ri l y  r educe  the background , the d i s t r i b u t i o n  then ob—

t I m ed i t - I l ,  r e f e r r e d  t~~ here  as ~~~
( 1) 

( E )  . Der iva t ive  Auger

n ct  i i  - o i i i  Ut - o bt a i n e d  d i r e c t ly by u sing  potent ia l  modulat ion
2 , 3

( s i n u i - , A U i l )  and phase  s e n s i t i v e  u t-t e c t ion  t echn iques  and

:~~ r ri i  a bas is  fo r  q u a n t it a t i v e  A u q t - r  a n a l y s i s  by compar ing  mea—

2
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sured f i r s t  d e r i v a t i v e  -spec t ra  W Al j~~~i j r  i a t e  st a n i a A  A

t r a .  However , to obta i n accu ra te  coI 1ij .0 at i ve  va lues  t o  Au -

cur ren ts the l ine  shapes of the  r e s u re d  and s t a n dar d  s ect  1

have to be i den t i ca l .  A l t h o u g h  t h i s  is o f t -i ~ t i k C  CJ S ’: , r i t l !~~—

t ions  a r i se  whe re th is is not  oossible , e.g ., wh e r e  ch~~i~ - : t -  s in

the chewical environment ot in d en y n t  un d e r  s tu J ~ j i ’  -

changes in the Auger  electron e n e I u y  J i s tr i b u t i on 4 (see sub-

section B below ) .  F u r t h e r ,  the  detectability of a given dc -

nient can g e n e r a l ly be improved b y i n c r ea u in u  the s i n u s o i d a l

modu la t ion  amp l i t ude, but  above a c e r t a i n  m o d u l a t i o n  a m n p i i —

t e A t -  the peak—to-peak  h e i g h t  of a particular Auger feature ci~

not increase  in a w e l l — d e f i n e d  m a n n t - r  w i t h  m o d u l a t i oa  a m n p l i —

tude  ( i n  f a c t , it  also Can  decrease)  m :i-~i ncJ q u a n t i t a t i v e  mea-

su remen t s  less r e l i a b l e .

The e f f e c t s  of p o t e n t i a l  n i odu i a~ i : - n  d is t o r t i o n  have been

a n a ly z e d , assuming  a Gauss i an  ~‘~ueu r -ak  shape , f o r  both t ype :

of ene rey  a na l y zer s  c o n ’n o n l y  u s e l m n  An . er e lec t r o n  spect r a—

scopy 5 ’ 6 In the  case of a de i L ’ L u  ~ pe a n a l y z e r , i t  was

fo und tha t  t h e  f i r s t — i i a m T - : - l~ S L q r r i h i  s t  i e r ut h  increased l i f t-n :  I’ ;

w i t h  i n u hu l a t i o n  ani~~li  t ide  u~ — an  ar n p l i  he of about 0.  3p ,

whore  p i s  thc G a - l u n A r  r t n - .1; i ’~~~hl  - v / A t .  The si g n a l  t ’-

passed t h r o ugh  a me> ; t r u n  J i L l  Ui j R - l i t  l y ’ decreased at a rate

near  the inve rse sm a rt -  n t 0 I I  i~~~n a la  ion  a m p l i t u de  fo r

values  irA excess of aO u L  3~ . z u r  -~~ l i - t j  d in g  field typ e  ana ly -

zcr , where  the second h a r m  is  U ‘a in order  to o b t a i n

t h i e  first der i v a  t i v e  of t u e  elect i - ; n  r d i s t r i b u t i o n, the

3
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(a)

0 200 400 600 800 1Q00
ELECTRON ENERGY (eV)

Figure  1 - Firs t  der ivative  Auger spectra of a contam ina ted
nickel sur face  taken using d if f e r e n t  modulat ion ampl i tudes
( a )  1 eV , (b)  5 eV and (c)  25 eV.
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signal was found to increase as the  n L u ~A r e  o f t t i  r u i u l o t i o ; - i

amplitude up to about 0. Sp at t: e- r w h ic h  it at prc ici1 ~ u a con-

s tan t  value independent  of the r’e ’dula t. i- an o :l rd it u . - . - - —

h avio r  of the  d e r i v a t i ve  A - n , or si pi~~i n: t e ’ - n e - z  i L A t ~ ri u~e - —

l i tude i s  inc reased  d t-p ends  on t h t -  oeta 11 - i  u n a p t -  o: t : .e , - u - : ~ r

featui-e in the electron enertv di snr liution . ‘i’k i e -~~~a 1 c ’j l a t i t — n s

j u s t  m t -n t io nc d  were Lasue on a 1 it~~ lo t  st -r i  us f t - i  5ui 1 l u n  an d  a rt -

strictly valid only a Gauss i : t~ p eak  s: apc . Fu r  r:t e u r ir

the Ta yl o r  series  method of a r a l y : i  S s an a p } : i e : : i n n . Le one auG

has little utility c-xcl _ ot i i -  Lot -  r oj i  tin .0 o t he  ni odu I e t ia n

amp Ii  t ub e s  are sn a l l  w it h  m es~:oct t o  I he f e a t u r e  w i d L h l - .

~i h~ e f f e c t s  of ( s i n us oi d a l )  i tt-Nd o~ I a ani~ I it Ide  on f i r s t

d c i~~y i t  ive  C , O and N i  Au g e r  s pec t ra  a , y O  en L J~ a O~ - L 1 i ;1Cel

m i r r o r  a n a l y z e r  (~-E ,- E  ~
- .0 0 5 )  ar e  show :;  i r i  1’ i g o  - - I . ‘i n:uc’

spectra were taken under identical u n u e r i ;~i y ’n ~~a1 -rc : id i t i e n r;  e n —

cept  t h a t  the m o d u la t i o n  a r n 1 ’l i ~~u : -  u s e h  wa s  diffen -zi t ~or a l l

t h r ee .  F igure  1( a )  is L - s s c n t L a J l y  a h i g h r e s o l u t io n  t - n t r u m

(modu la t ion  a m p l i t u d e  1 eV)  shzo;~ing t l i t -  p i t - u t - r o e  of car b on  aau

oxygen at  the n ickel  s u r f a c e , and the c a rb o n  l i nt -  iii ~~ 1:-e l i  —

cates it to be p r e sen t  in g r a p h i t ic  torm~ . 1O- i  t h i n -  ~ect  is;’.

the modu la t ion  ampl i tude  is sufficiently small ~~~tSt~~~~~ t~~~~~~~ A

the w i d t h s  of the carbon , oxygen , and n i m k c l  Au n:r  f e - i t T u r t s  so

as not  to add distortion to their shapes. For such  h i r ; h  ;e s ’—

l u ti o n  spectra  the p e a k — t o — p e a k  l i t - i  h t s  of Lii : A u e e r  f c a tu r t - s

inc rease  l i n e a r l y  w i t h  m o d u l a t i o n  a n p i  i t  irii . F i g  i n c  1 (1- ) wi t s

5
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Fi gure 2 - Dependences of Auger  s igna l  s t r e n g t h s  on
modula t ion amp l i t ude  measured ( i )  from peak-to-peak hei gh tsj~j ~4/ ( l )  ( E ) ,  curve s A , B , and C and ( i i )  as i\uyer area
val u e s  ob ta ined  by doub le  i n t e g r a t i o n  of ap p r o p r i a t e  ~~~~~~~~~ ( E )
da ta , curves  D , E , and F. m
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t ak e n  w i t h  a modulation amplitude of 5 eV , and it can be seen

that although all the m a i n  A ug e r  f e a t u r e s  have bigger peak—to—

peak value s they have increased by d i f f e r e n t  amounts .  This is

because the modulation amplitude is now comparable with Auger

peak widths and the changes in signal size with modulation will

L1C~~~Cf l U  on the Auger peak shapes. t ’;ith a m o d u l a t i o n  a m p l i t u d e

of 25 eV the carbon feature is bigger yet , but the o x yg en  and

nickel features have decreased , Figure 1 (c) . Of course , the

use of large modulation amplitudes to iI~~:’rn:’e sensitivity broa-

dens the Auger features and often precludes any chemical in-

formation being obtained from such data.

The dependences of t h e  pea k—t o— ~ eak he n Uts  of the  l a r g e s t

carbon , oxygen , and nickel Auger featurt-s on m o d u l a t i o n  ampli-

t ude  are shown in F i gu r c -  2 , curves  C ,A , and B , respectively.

It  can be seen t O at  for  a m p l i t u d e s  below I eV , the p e ak — t o — p e a k

neigh t s  scale toge the r  and l i ne ar l y  w i th  modulation , wherea s

above 1 eV the p e a k - t o — p e a k  hei g h t s  v a r y  differently, making ac-

curate measurements of relative Auger curients of different ele-

ments directly from such spectra virtually Impossible. How-

ever , having complete data as a function of modulation ampli-

tude as in curves A ,13, arid C would allow accurate comparisons of

Auger currents to be m ade from first derivative Auger data when

either different surface Concentrations are present or when dif-

ferent modulation amplitudes are used , so long as l ine  shape

changes due to chemi cal ef f ects are no t involved . Curves such

7



as t i L  s.r a~~c not  a en c ra l ic  av a i l a b le  and i t  is d i f f i c u l t  to

cenipui’e , f o r  ex a m pl e , t~ e relative concentrations of a p ar t  i —

ruler cc-rtaz inant on dift erent nickel surfaces taken using s u n —

m r  ano i z e t a  u n d e r  b i t  ft-len t effective r e s o l u t i o n s .

i-A o’A’o v c r , t s i ng  an i n s t r u m e n t  response  formalism it has re-

c e n t l y  Leer  sh own tn - a t u n d or  t he  assun ip t ions  ( 1)  th a t  t u e  n e c k—

- 10: 0 I i  s been ci i t - i r e  t e l  in  t u e  spec t rum in d e r i v a t i v e  f o r m

0i,d ( 2 )  t i e :  i f u r -  Au cc s i g n a l  cons i s t s  of a peak in the e n e rgy

l i s t r i i - i . t i y n , t h e n  t i n :  a r ea  under  the Auger  f e a t u re  de t e rmined

by ‘Jie :lc ’ub ] e i n t e g r a l  oi the measured  d er i v a t i v e  spec t rum over

t h e  o nt i  cm s t r u c t u r e  can  be s imply and e x a c t l y  re la ted  to the

area  m e r u :r e d  in the absence of po t en t i a l  modu la t ion  distor-

t ion ’ ‘ . IL was  t u r th e r  shown  t h a t  t t i is  s imple r e l a t i o n s h i p  did

nut  depei;d  t o  the de ta i l ed  shape of the Auger peak and was va l id

fo r  a u  n d ul at i o n  a m p l i t u d e s .

The r e - sol t s  fo r  a c yl i n d i c a l  m i r r o r  ana lyze r  obtained by

doub ly  r : i t  g r a t i n g  the carbon , oxygen , and n i cke l  da ta  shown in

Fi gure  1 are  i ’lo tt c c i  in Fi gure  2 and labeled E , U , and F , re—

I t .  i t  c an  be seen t h a t  Auger  area values  Y~~, for car—

i a n , ox’: - n , and n icke l , measured as these double i n t eg ra l s,

n i ’,’e -in exact , l i nea r  dependence on m o d u l a t i o n  ampl i tude  e , for

ii0)ii t l t i eS  u i to 50 eV , t h e  en p er i m e n t a l  l imi t  in this  work .

i t t  dy t itt i i i ; ;  the  t i c- i  :‘ur ~ - - 1 A u - a r c u r r e n t s  , by ‘A = Y t /e 0
( I t  r i t  ‘. 1 1  n ri i re  eL t .i i n c A  fo r  carbon , o> :y qen  , and n ickel  , i n—

de~~enci :r. t of  I n  modu l ot  ion rifl~~ 1 i t  udL used and could be readily

c m ,  e ar ~ n - i  t o  corr  ::j onuhin J t - I m r  cut  t e n t  ii f rom s u i t a b l e  s t a n —

8
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d a rds .  The cor responding  r e l a t i o n s h ip for  a r e t a rd in g f i e l d

an a ly z e r 9 is ‘A = ~~~~~~~ I n t e g r a t i o n  has been carried out us ing

analog and dig ital techniques , both techniques being quite suc-

cessful. Problems in compar ing  Auger  data taken  w i th  dif-

ferent modulation amplitudes no longer arise. Using such inte—

yration techniques makes it feasible to use large modulation am-

p l LtU d e s  to obtain better signal-to—noise ratios in ~((1) (E)

data , thereby improving the sensitivity, while obtaining a value

for  ‘A independent  of the d i s t o r t i o n  in K~’~ ( L )  due to la rge

modulation amplitudes.

The Auger  area va lues  o b t a i n e d  L i t - l e n d  on t h e  energy range

over w h i c h  the i n t egr a t i o n s  are c a r r i e d  ou t  due to the t a i l s  on

tne lo w e n e rgy  sides of the A u g e r  peaks 1° so the low e n e rgy  in-

t e g ra t i o n  l i m i t  has  to be kept  c o n s t a n t  fo r  the  p a r t i c u l a r  Auger

t r a n s i t i o n( s )  under  s t u y ,  and the  Sante as t ha t  used in obtain-

ing ‘A 
from a standard . Userul comparisons between Auger cur-

rents from differen t elements having sir~~lc Auger line shapes

can be made from their Auger current values  ob ta ined  by inte-

g r a t i ng  th rough the same e n e rgy  r a n g e  and then  app ly ing any ex-

p e r i m e n t a l  c o r re c t i o n s  ( su c h  as v a r i a t i o n  of energy  window of

a n a l y z e r  w i t h  ener ; y)  to the  data ’° . Im p r o v e m e n t  in the si g n a l —

t o — n o i s e  of A uge r  d a t a  f o i l  ow l  n i  int et rat ion has been noted and

details can be re id in deference 9.

B. Che mica l  t A t - c t ;

- i  t an t  informa i n  l i e - u t  sur~ ace b r o i l  i ;  can  be ob t a i n e d

roni Auger  ;~ - , - c t r o  wt~~- ; t  v a l t r e e elect ten s i~~e i t ’ : - l v e d  i n  the



Carbo n

225 250 275 300

EL ECTRON ENERGY (eV)

i’i g u r e  3 — First integrals of derivative A u g er  spect ra

of C on N i ~~1l0) ( a )  t e i lo w i ng  exp o s u r e  of c le an  Ni (110)

to 1 x l0 Pa of CO f o r  15 m m ;  (b) a f t e r  ex po s u r e  to t h e

ele c t r on  beam fo r  10 m m ;  ( c )  a ft e r  exp o s u r e  to t h e  e lec t ron

beam f o r  40 m m .  The electron beam ~~~I S  l . U A  a t  1 .5keV .
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A n - j e t  i ocO Ss .  I n t e - r p t ; c t o t r o ; i  iS s t r i p I e r  wh en  on l y one ‘:11—

( - f l e e  o I L - c t  ron i s  i n v ol v e d  in t h e  A u q e r  ~~r - css , 12 as wi i ri two

v a l e r it - e  electrons p ar t  Ic i~~a t r -  L f l v a i u t  0 ;  ~ o d u c t a  of den s i t e

‘ f  a t  i t -s f~~n c t i e n~ ore 1nt l’’ L l . ’~~ Gee ; o ) r r - s l  1: - r i ’ - - t w o  -

A iger  d a t a  and  l a r d s t r u c t u r - e  has  Peon f e u d .  12 ,13 h o o t - ocr ,

St - h O LVV A u g e r  s pect i  -1 ( c f  solida ) s ow  distinct chi irartert—

t i :s o free—a Len; a~ toe ra an I do ~ e ~ ro f ]  c t  t h e  b-n l i - i  S~ r u e —

t- ure , puss u I  v b r - c au s e  of electron local i at  ion due t ’ j  L I I —

crear- ;e- d SC r e L O i 1n g .~~
4 li uwr ” :r , t h e  l i i e  Si t f O S O f  A uge r  s: c c —

t t - n a r e  o ft e n  u se fu l  as a me t hod fo r  ftngcrpr~ nt ir;g tht- hr-n , ; -

~‘;1 f oi r ;  of s ur f - i t-c i t - z ; s , e .~~ . i i i  th e  a so of caib -’n , t o -u s—

t irt ;uishi lnetwec;; graphite-- lila ’ C ’  - - ? 1d~O rLi a o l  t i u t  f t ’ - ‘ i  I n :  ~

on m e ta l s  and semi o m a  refers , or t i n -  d i t ’ - - t e n t  b o n d i ng  mc char -

i cs  of Co to c l ean  m et a l  s u r f a ce s .

L x a r l L  I n s  of v u r l o u s  ca rb o n  \ ‘n :y ’i: i i r e  shapes obser~’e i  I t -

c ar b o n  : r ;  n i c k e l  ar e  shown in  F i ’~ u r - - J ,  - i eee  a : - -tr a’ - h i s -

h l a : ed  as Au n C 1 L - -a tron  e n e r g y  d l s ~~r i u u t  i ns , p i t t  ( a )  t e i r ;

f i on; CO a L ser b e d  on c l e a n  i i i  c f e  1 , - t u b  t a r  (b )  be i ri - ; I r e ’ n - tm:

i t r e o t p-r sc d CO on c lea n  n i ck e l , c r 1  m i n t  (it ) Print- from a n i c k e l

c a r b i d e  s u r f a ce .

S t u d  ie s  of b ot h  th e  c a r i - r r t  a r e ;  m x ;  r e t ;  auger :  l i n e  Sn a : eS

f o l l o w i ng  the n bs o r~.° i n n  of CO on c ’e an  t r an s i t i o n  ne t -n i sur-

faCes  h ive been used I i i  C ha r L i e  t or i  ze t he he nd i nq of CO to roe t a 1

sur  f e-es .  E x a mp l e s  of t h e  carbon  and  e o yc ;en  Auger  apt  C t  r i  0 1 - —

11 
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served fol lowing the exposure of clean Nb Co and Pt s u r f a c e s

to CO are shown in Figure 4. The carbon spectra are shown on

the lef t hand side and the oxygen spec tra on the right hand

side. Note the differences in Auger line shapes between the

carbon spec tra , and between the oxygen spectra. (Spectrum sub-

t ract ion techniques - see subsection E - had to be used to de-

termine the carbon Auger line shape for CO on Pt due to over-

lap between the carbon and Pt Auger features). The Auger line

shapes observed were found to corre la te  w i t h  previous  absorp-

tion models for  t r ans i t ion  meta l s  — CO decomposes on Ta , Nb

and T i wh ile it absor bs mo lecula r ly  on Pd , I r  and Pt where

bonding occurs  v ia  the carbon atom w i t h  i ts  m o l e c u l a r  a x i s

norma l to the s u r f a c e .  CO was found  to p a r t l y  decompose on Co.

Fur ther  de tails as to how these d i f f e r e n c e s  in bonding  are re-

f lec ted in both the car bon and oxy gen Auger line shapes can be

obtained from Reference 15.

Changes in Auger l ine shape have also been observed and

studied for  both adsorbate and subs t ra te  d u r i n g  the exposure of

clean su r faces  to gases at room tempera tu re . For example , in

s tudy ing  the absorpt ion of oxygen on n icke l , changes  in the oxy-

gen KVV and nickel  L
3

VV Auger  l ine shapes wi th  inc reas ing  oxygen

exposure were documented 16 . Examples of the oxygen Auger spec-

tra observed af ter several d i f f e r ent ex posu res are shown in

Fi g u r e  5.

When only core leve l e lect rons  are involved in the Auger

12
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230 270 310 460 500 540

ELECTRON ENERGY (eV)

Fi gure  4 — Auger s~-cctra of C (loft h a n d  s ide )  and 0 (r i g h t
hand s ide)  f o l l o w i n g  e xp o s u r e  of CO t m  c lean su rL c e s  of ~-tb( t o p ) , C o ( m id d l e )  and Pt  ( b o t t o m ) .
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ELECTRON ENERGY (eV)

F i gu re  5 — First—derivatIve oxy g e n  K\TV A ;r o e r  s p ec t r a  fo r  n o
t empera tu re  oxygen exposu res  to Ni  ( 110) at ( a )  8Xl0 4 , (b )
2 . 4 X 10 3 , (c )  4 . 0 X 10 3 , and ( d )  9 . 6 x i 0 3 P a . s .  Pa r t s  ( a )  and
(b )  are sliown m ayn i ~~ied 2k  r e l a tiv e  to p ar t s  ( c )  i t t - i  ( d ) .
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p L _ ’ C SS , ‘ L O i i - j eS  i i i  ho retirie I t o ’. I . -  !o-: I -  e t  03  A so ;  i t  11; the

A n g e r  e n e rgy ’7 
~t n h  such i t i t ; U i ’e i , r; i S  :n e y  ~ Sn ut - u s e :  ~l as an

aid no compound i d e nt i f i c at k  - ;- , i  . £ 0  ~e u ! - c i gy  a l l  f t  s ( - - few cv)

18 ‘0u n c u r  ‘ . S h in  Ls in A u g o  i c r i e r -  p a r e a (SO ei,~~e rve(; ~~: tran-

s i t i o n s  involv i  let bead ing c l e~~t a o r t a  — u r  1 0 r J e t  a l  is  of t h i s

-,~-ark ca rt  be r e-ad i n  R e f e r e n c e s  16 and 2 0 .

Al -t in u~:h : h re m i ca l  e f f e c t s  in A: o r  spect  roscopy ore  o f t e n

n j t ~i ite usetul for c hor a c  t n  r i  z i i i ; t i r e  c i ie I t ; i  cal  envi  r o l n e a  t Of

su r tae- e a toms t : h i t ~ poSed a p r ob l c~: it :  ; n n t i t  a Li v e  a n a l y s i s .

if n ’ e ;k — t o — ~~oat- ; h e i g h t s  in d e r i v a ti v e  en t er  sp ec t r a  a r e  u sed f o r

-~u~~r ; t  i t a t i ve  an a l y s i s  the  m e a s u re d  l in e  a~~a~-es must  be ident ica l

‘. -. i t i r  those  of s t a n d a r d s1. j ’ J j J ,  is ac t  c l o t s  possible a i d  w h e r e

cii~~ng~~~ i,et weefl  u n s e rv e d  and s t ;n d ar u  spcc r  c5i  occur the accuracy

or t h i s  m e t n i r d  decreases , the du c t - ease uo~~co ii n g  on th t -  i c - tr e e

of l i ne  s h a p e  c h i a r i j e s .  This  n i o b l e t  in c ong e ir i n g  Auger  si g n al

st r e n o hs has  hr- en investigated and  solved n y  doubl y i n te g r a t i ng

f i r st  d e r I v a t i v e  s0-~ ctra to  at t a i n  r e l a t i v e  measures  of A u g e r

c :nrri-ots . In  f a c t  t h e s e  i n te -  lOi t ion t e c h n iqu e s  have also been

rrs - -J to c u ip a r e  Au ger currents from different elements , h a vin

qu i t e  d i f f e r e n t  ‘ ta per l i n e  shapes , on the  same s u r f a c e . S tud ies

of the  a d s o rp t i o n  of submonolayer amounts of  CO absorbed on clean

k-n a n d  x i  su r f -a c e s  showed t h a t  t i le  USC of carbon and oxygen Auger

t e a k — t o — p e a k  h e i g h ts in f i r s t  d e r i v a t i v e  da ta  did not ind ica te

equa l  nu m ber s of carbon and  oxygen a toms were  present  f o l l o w i n g

a d so r ;- t i o n , whereas  by doubly  in t e g r a t i n g  the carbon and oxygen

Auger  f e a tu r e s  t h ~r n u ~j i r  the sure e n e r g y  r a n g e  and by compar ing

these  m m -  r a t e d  si g nal  s t r e r m  th s  i t  was  shown t h a t  equal  nur hers

‘5
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of - ‘ r  - :; a r id  ox ’- j a r ;  atoms  were  pr e sen t  to; both sw ~~~~~ 10 , 2 1~

1runi r~e- A lt is quite si j n i f i ca nt  because n ot  on ly  ir e ’  the carbon

ar i d  oxy :c’ti - at-o r l ine shapes d i f f e r en t  f rom cact i  other , b u t  b o tn

toe c a r e -  a an n  oxygen l ine shapes are also d i f f e r e n t  for  CO and

k -  a r ,J a - r e  n -a t he  d~~f f e r ~~nt  bon din- - ; b e t  c - - :  CO and t }e-s-o two

naca t s .  P~~r t ! i er  de ta i l s  can be read in ! Lc f o r -nces 10 and 21.

C.  E f f e ct s  hue to  Electron E n e r - t a  Loss

Ever ; - , - i -  only core level  e l ect r on :  a re  ;n v o lv c n  in an Au g e r

t r a n s it  j r  ‘s  o - a s n t n e o  l ine  shape c-an va ry  w i t h  ch er: i cn i  en—

v~~r n i u - o - : t  du e  to different energy loss r ecl ,a i ; isa;s t h a t  can occur

-.d~~l~ t h e  - u--rer -electron travels t :o:ouqi ; the l a t t i ce  before  es—

- nit o  t: nie —,~acu um . loeso different loss mechanisms w i ll

affect i a n --  ectron mean free path for inelastic collisions and

ct -e r - t one the overall electron mean f ree  path . However , the

r c a su r c - i  Auger  s igna l s  f r om  suci ;  samples can still be compared by

i s an g  i : ;n e - } r a n  I o n  t e chn~~qucs , a l t h o u gh the r e la t ive  Auger si g n a l

st reng ths  now do0on d sorflr ‘l in t  on the ene rgy  range of i n t e g r a t i o n22 . 

a c h a nt - -cs in Au ge r  line shape also occur due to chemi-

cal e f f e c t s  u s e f u l  com par isons  between data  can s t i l l  be made

U s i m -  a : - t e gr a t i - : : n t echn iques.  For example in compar ing  Ni  hk~’i

Auger a Lqnal strengths between clean and heavi ly  oxidized Ni

surfaces relat;ve A ug e r  cu r ren t  m easurements  based on peak-to-

peak Ii~~f i t s  in ~(
(1) (I) are not self—consistent , whereas

if 

__~~~~~~~~~~~~. “ : ~~~~~~~~~~~~~~~~ -- - —  -~~~ ~~~~—



measurements  based on double in tegra l s  of the data  are  con-

sistent. Further details can be read in Reference 23.

D. Sample Positioning

Measurements were also made with a 4-grid retarding field

ana lyzer to show that  in t eg ra t ion  techniques  au tomat ica l ly

correct  data  for  small misa l ignments  of sample position (large

mis a l i~~nments  could also be corrected if allowance is made for

possible changes in solid angle detected and ana lyzer  trans-

m i s s i o n) . If a sample is not placed at the center of curva-

t i ;r e  of the  g r ids , energy r esolut ion is degra ded an d d istorted

sp ectral l eak sha pes res ult . Th is disto rt ion resul ts in errors

in mea surements made d i rec t ly  from ~
/Y (E) or (E) data

but not in the Auger current value obtained on integration . An

example of th i s  is shown in Figure 6 where the energy distri-

butions of electrons emitted from a cathode held at a potential

of -300V are shown when the cathode is positioned at the center

of c u r v a t u r e  of the r e t a r d i n g  f i e l d  a n a l y z e r  [F igure  6 ( a ) ]  , and

the ca thode is posi tioned o f f  the axis  of the re ta rd ing field

analyz er and close r to it [ Figure 6 (c ) I . It is quite obvious

that a quantitative comparison between the two sets of data

can not be made direc tly from the ~/ V~~(E) d is tributions , but

i n t e g ration of the data recovers the cathode cur ren t  value -

compare the overall  step hei ghts  of the integrated data in

Figures 6(b) and (d).
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(a )~~~~ (E) X32
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~~~~
Cc) X32

ELECTRON ENERGY ~~

0 - I l l u s t r a t i on  of t h e  app l i c a t i o n  of i n t e g r a t i o n  tech-
n - t r a n s to correct fo r  s m a l l  s e m : j i l c  m i s a l ig n m e n t  u s i n g  a re—
rardi ny field analyzer.
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h i n d  l r t r  c ot  o- - - t P - t r s  w o u l d  a la - i j~ l v i :  a n’’m ’ l i n d ie a l  r i  -

icr a1~ t 1 J y z m1 , :lt  l i t - r h  t h e  c i t a u i q e  in o n a iy z e i  t r an sm t ssion oi t -

S t f l t n T c ’  pc si~ ion  is m o n t  c r i t i c -m u .

I . un ’  t ; ran uh t o ;o- t P t ;  e c h n i ’m u o s

‘ n ~ Amr qu r spe- ’ t r v - r - t - t o r s  a r c -  dc -  l ien  l a  ~;c’an the e lect  con

— ei ’:- n cr y r u r e ._- 0 — 2 0 0 1 ’  ut ’ and , i t  is ‘ - t  a l w t y s  j e s s i b ] e  t~c -  f i n d

- L I : - t  t~u - j ’ -r  ge-ik s of the  c l e r i c - i t s  be inq  stud i u - I  , i n  

n - p  r a n t - . In  ~ ii c l m  cases t h i t  ~-‘o n -ace  of a p a r t  i e u —

1:’ n el n - ’n e l m t -c; be C O Il  t i r imm e d i r i t S Auqer  r i gn n I s t rencm ti r is

s t i f  f i ‘a tO n i :  I V 1 0 r u e  to p m (x iu c o  Si g i l l  ~t t C-  ‘ i t  amp lit u d e  Ch ange S  in

‘ i t - a  - 1 - A - r o ~~-n n - -’f c  p-ar t  of t J ;€ -  l i t e r  s~ - c t  - urn of tnie-  o ther  ole—

1, - , oocl e x a m p le of tl ;i s is tl~~ d e t e nt i o n  of s u l f u r  or

c a m  P or t  on ;n : t h e n i  -nr ’~~ . Bat ; su i t ma imr  ~o irbo n i  A u g e r  transi—

i -es ov er l a p  sun c- r m ; L i n i a r u nmm m t r a n s n c r - i l s  -~m t  pc-educe s i g n i f i —

comnl: - : i m c n - -: es i ’ m t i r e  lOu t r sp e c t r n r r m i  -snn fl t i l e y  are  p resen t  in 50 n —

iT i c ’ i n r r t  i ’o - c o r t r a t i o n s .  Ti n s may Inc S - n m ;  by comparing F t  -a 5

? ( a)  - - n c ’, z ( c )  n- ll~ er encc  2 4 .  -: ~n n ; r j t a t i t m n  measu remen t s  of

s u lf u r  and cmt r :1 ur ; concen t r a t ion:; u n : m m  1 :  be di f f i c u i t  however ,

l - uc~~ ’ i - c -  of t i r e -  different A u y t - r  -~ - i k  w i d t h s  and l i n e  shnp r - s  cat t b

fr t - J  i~ - - cia i vr ~r ]  a~’p inq A u g e r  ~o-aks . i n  Tm -n m. a- ic sran 11 cent -em ;-

t i  t e n s  of sul ‘ t i C  a t - m i  c a rt er -  wc -aui i pr oPel  J y go unclc-tt i - c ’ tod

In t h i s  con~~r . t c t  c 1 - ~~ct  i- m i n t  s a l - n  r a c~. ; - u  t e - _ ’hn ~~~ues ( P h i )  w u r ~-

(I~O 7n- 1 i ~~ C ( i  and f l - I l l e  - )  ( a )  e~~ l a r i ; ’ e  t r i o  c ) - C ti - Ctj r t i ;  of sma ] 1 re m ’

c~- r m t n a t  i on s  of e l i - n me-u~t where  S ( ‘ :t t :~;l n ’ _’n~i m o p  1- i ’ol iems occur

and (t - ) retrieve Auger l i i ~ ;— ia~_ -t s f i t - - i i i  ~h resoi u t i o n  i’- ’ a- ; c - r

- b-u t i c - i , t n mr c ~e ’ ;b s  I ron ; d i f fe r -m i t t - i o i ’ - ; - L ~~ - :v r l a p .  Ph c o u l d

19

- I.
- - - ‘ _

- ---
_ - -—-- - - — A



also be applied to study the small cnanges in the f i n e d e t a i l s

of Auger spectra due to changes in the chemical  environnien ~ of

surface atoms , the dif f e r ences netween two spectra being h igl~-

l ighted a f t e r  sub t rac t ion .  Chemical e f f e c t s  on spectra due to

the presence of other elements may inhibi t  the appl icat ion of

SST to spectra l  over lap  problems when dominan t  Auger t r a n s i t i o n s

involve valence electrons, beca use of changes in spectral line

shape . This  would be most difficult when l ine shape changes

were produced by the element whose spectrum was being isolated .

Other potential applications for SST include s u bt r a c t i o n  of suc-

ceeding spectra from one another to follow changes during sur-

face  segregation , adsorption or sputtering treatnnents.

To obtain accurate subtractions of Auger data , the elec-

tron energy scale must be well established and reproducible.

As the electron en e roy  scale of most electron spectrometers de-

pends on sample position , it is important that samples are al-

ways positioned at the same place with respect to the spectro-

meter , ideally at its focal point. Alignment of a sample to

the focal poi nt can be eas i ly  achieved by optim i z ing  the sig-

nal measured from electrons that are elastically backscattered

from the sample. In an earlier study of the segregation of

s u l f u r  on molybdenum it was pointed out tha t  the detec t ion  of

trace amou nts of sulf ur on molybdenum by Auger electron spec—

troscopy would be very difficult because of the almost complete

overlap of the s u l f u r  Auger peak nea r 150 eV with  a molybdenum

20
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A ug e r  p e ak 25 . f l ie  a pp l i c a t i o n  of SS’m to t ; . m a  sys c c - . - ; r c - o ’  I n

duc ’,-s  t ha s  ore- b- l en ;. An A u ger  spec t runt  f t  an a i rio lab ie . a;. SItl; ; 5 i f -

u n d e r  s tudy  is shown in - l g a l e  7 ( a ) .  A f t e r  t t m n -  -aub~ ran-t m ’ r i ot

an A u g e r  sp ec t rum f r o m  c lea n  imo la ;bdt _- nu ; . .  L~~ .enr  men t n  t I u e  S~~ - O

exper imenta l  par am :m ’c te r s , C i g m i r e  7 ( a )  , a s-a l r cc :‘. -~- ; m: r p in- ; -- e s

clea r ly  observed , F i gure  1( c )  , wh i l e  the  n o J  vbJ , - - n u ; -  A m i - e c :  f t - a  -

tu ros  -~ee re e s s o n t r il l y  e l i ni in a t ~’o . As t -
- 501 f t  m: A m a -  c - c

~ as mmm v isolated l rcn; t ie  res t  of the sp -n ctcen i , i~ s

c’cu l d  no c o n p e l n -i wi t h  a su i t n e le  S t n m i i i  fe- s g - n t ; t  cc . n i o- ’ ;

or the  s u l f u r  Auger  f e a tar e  could b-i- ~.n r :egr~m c e b  t wi c e  n o ob t a i r

mm val ue fcnm . t i ne  : ;mil  us ‘ia - er c u rr en t .

A u g e r  i n n - a shapes Lf l  h i gh  ra j Q j  ut : L o u t -  d i r  i v t. : f o r m  -

na ve often pro’ze-:i useful in -‘ b - t a n n i n - - m r  arran t ion ~ b - om I- t f e

- - 4ci en;rcal ~o ’r :  of s ur a n c  c con S L i  t a r ot  . ~--b ,.a s ~u~~s: c-~ ‘.‘ u

p l ied to i l iu l i  re- so l u t i o n  A m e r  ~ -~ t~i to cete  ar ; , r i e  1150 sn ap-as  by 

a n t i - u  : - ‘ ~ r 1- -~~ n : - ; -t -J ger  t e n :  ‘j t n ’ S .  T i n t s  is i i l u s —

t r a L n : d  in Fi - ’are 8 wh en .o h - -ar t  I i )  otie -~s th~it  u ; - o o - h ~~- r -ar  a::

f i r  arc p r t - s o n L  am nio l - ; l e c m e u u i - m  b -u t  L l m e L r  m i m e s m m ~; : -  n ar e  r 3 ~~-ee-i

l:~ mnc’ l n ’ b c t - r i o n n  Auger  t r a n s it  r o l l s .  i-A L i ’ s ub - t n - a c ion ; ed a :-or--

-A cmii  Lf l~ 11 igi  r e s o lu t T  i - - r n  tie; y b -b e  ma: : -  A u - . t  a s~ n-ct - A t  , I

8 ( b )  , t i e  phosphorus  and sul  f u r  I~u - e r loin :  S h i C ~ - -n- m i r e  n o t  t i n t - m m

tu . -~ur e- 8 ( c ) .  T h i s  s u l f u r  Auger  l ine  s i l ; t j o is q u ;t c  i;’ m ar t i~;

tha t observed on vacuum anne -n ed s tai n l ess  ste - a f o i l s  i t  is

d i f f e r e n t  f rom o t h e r s  such as on titari n uru ami d n i c a r l .
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ELECTRON ENERGY (eV )

S — I l l u s t r a t i o n  of the app l i - a - a t i o n  of SST t o  r e t r i e ve
A u g e r  l i ne  shapes .
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L L act  ron  e u-a :  In t er  i t - L i a r ;  S

M m - :  A u t - e r  S - u - t t ~i at . m i~ n o : ; -i u si : : -;  o l e - c - t r a m  t t i i i , .  c x c i —

i t :  c-u n . i , . - o th0-~~~~ 0 o f  f i O n - i  ; foc j SOe- d -ne -  0 c t  I C  e lu- cr i o n ;

it - -n v: m c  i i  I a I> , - , a - 5 kb in :  c ci 5 - in c l in i c L e t  1~ A ) e l e c t r o n

i n i m - : - - of  L u - c t  s a c e  no ’ a : c~ - n _ I t t _ I n n  in  S t  ud y I: ; : a ;;- : sys t m - n ; S

L- s pe c_ I  : A.’ • m- ~- s -  I i v ~~n;g t t -  u a s ;r 0 L i e a  o r  c l o se s  on :-
~~~ - i s  or

the’ d~- ’ c t i - a u u  m , t  a e d i i m m . a m i n s ; m I a t  :rs. iln c t r - n h-ce ; : :  ef  f i t - I A ;

a r e  n ; a a i t t r n - t  I:; ; un :  ~or 1mms h - a t  ~‘u m s c e n  - a l t o - s aim- l m - ~ n l m , ; ~ -i

m t - n a t  i t ;  - , m i n c  c u- -so m j t  non  of s j- ec  m r s  n ron r h m -  ammr Lace  b-u- a m ;  : s Lc~ -

m c i , 0- - in, L i n t -n - u h ecue - ~~- ’ s i t ; i o r ;  of t b - c  s ur f - -u b e i n - : - m t m ; b j -  ; ,

~ r : t b - - m o o : j a u n t - c - i  l - u s rp t i o n  of ga s e s  t i e r :  t o e  \ ‘et’u m: e ; : ~ i r o n —

- - - r ; n  - t r i t C  t he  n u r f ~~ctm n e l : m g  stmn ied .

- a ;  - - J o  of u - i  e cr e -  en mar t - m a  cf c - c t  s is s i n c u n  i n  I - L g u r t _ - ~

A c i n g  -i C t ic - , of such e f f e c t s  fo l l u ; ’ Lm ; : t l e c -  n:ol~~c u 1 n r  - i c s~
--id —

c -: m o n  Pb  on ~~ ( 1 10 ) .  i j tt  (a) s j - ~ i~-S L i m e  C and 0 A;i~r o r  S~~t -C

n ra of f r i - s m  L- , - ads; n b- i; CO , ( b )  the  r e s u l t  oct aincu  a f t e r  am ;

c’A:n : t r : : i _ IC , L .3  h a t  1.5 ~e-\- , ~~~~~~~ l e f t  on for 10 mm -and

( c )  m m f  - em tb~ P e a l -  Wa:  c - -ni f o r  4 0  m ; ; i a .  P o L e  t h a t  q u i t e  pr n ’m ;c u cn-d

cn nq~~s ( - L - ’ A t  i i i  b : t n  t o e  C and 0 s I e n ’t i ~a .  For C ne -tn ;  L i e  r a i n

pea  03 —i - i - i  L b - . - l: — e ~- m n-n-; - r: - . r -: ) - e o~~- chan ge-  inur i - ;e u l y ,  a lm o s t  al l

~ : - u  I t - i t - , ’ ; i - - m a i n  r c - m  i - e : ;  by - -c - .- ones a f t e r 40 t A r e  i : m t e r c c —

Loon . An t h i s  s t  a - n o  L i t - -  C A u - a - n  f e a t u r e s  r e s em ;b l e  those of

n i t - c c - i  c a r . :, m~~~ ‘ - - r ;  - . n 1 - o a - J m g  ch am m rcs inc t i e  0 hu t - a r  S1 - e c t r ; r n;

a r .  1 inn u : ; -  r ~.‘ -a h o t  ; - : u - t - t n r c l c s s  s m u n m i r i c a n t  . The i n t e n s i t y  of

Lb - c  t ” -  t i r e -n  th e  m i - t i e  o n e c - 1 1 ; y  si de  of L i i  t r a i n  0 peak u ec re as n- s

r ma I L ;  Vt:  n o  tb -cC u t  f t .  - u n  pe eP , ar ;h  t h e  i - a t - a r c -  a i ~1n c n x i n t ~n t ely

2- .- c-~ a - -  l o t ’ h i t  t i l l  n-. is  c - v e n t  a lt y  replaced ty L m ,~a n ew on es

24

~~~~~~~~~~~~ 
- - n~’-~~ ~~~~~~~~~~~~~~~~ - --~~~~na -~~~~~~~~



-~~~~----~~~~~~~~~~ - ~~~—--- — -~~~ - ----- - - - -  --------

Carbon Oxygen

(a )

J\f(E) (b)

~~~~~~~~~~~~~c )

50 eV

ELE C TRON ENERGY

F ig u r e  9 — Firs t der iva tive Auger spec tra of C and 0 on
hi  ( 1 1 0) :  ( a )  f o ll o w i n g  exposure of clean N i ( l l O )  to 1 x 10
i n n  of Cu fo r  15 m m ;  ( b )  a f t e r  exposure to the electron beam
f o r  10 m m ;  C c )  a f t e r  exposure to the e lect ron beam for  40
m m .  A i r  e le c t r o n  beam was 1 . 5b -A  at 1.5 key .
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Iat  t e l u  j - O~~ i t  ~~~ e m 5  f m ei~~g no r ~~~~ , m m ; m u  m t L t r ; ~ , e ; t  p t m  - e c u  u t  I l i i 1  i l~i

m e  - m a t a  s ; e i - ’ .n; 1:; i - i  ore  : 1 : )  (sec  c i e  bcA o w) . i h c - ( 1 A - ; :  - L ~

s~~e c L r - m r m  ob t  a n n u - ; ( f r - m a c u  n i m a j i  ,5 i y’ ~t~ , : - ; io h ~~;~ i C u)  a f to r  4 d  i l l i c

t ; l t C L J - A i O f l  t i m i c -  i s  t t m t F e r o r e  s i u e m i l a r  C) f l  i t .  ob t  me n u - i -c t  f r o m  a:

- l su - r p t  ~ 0fl -~~~~~ 

~2 
on -, i ( 1 10 )  . -f m c - s e  ALA ru - s i l t s  i n d i a c  H -  rF ~a~

, t C  è f e c lr o i i  oea ::i n c - t i C - ! E t : ~~~~t~ - t i  I: 1 i; - i i t ~~u L l Y 05- L u - c - - I  CO j f l t~t- ~~~ 
-—

L i n t - c  - ‘ a L . i A c -  a n d a i nj ;u-’ .

Tnic -  o f fu c t s  of t o e  ~- 1e e f o~~i ~~~~~ - O l  Ca; L i c e  C d i a m  C :~~~:jc .C c 1

L - ~ ‘ tS  -Ic- i c: al so  nc - - u s - t i e - a  i~ j O i lO l :  ; - :t e-~ r . e t 1 i n of th~;

m e L o n . u i n e  f i r s :  in : c? ;r A s  u t  t i ic A u g ur  c n c it a  i n  F~~- u u r c - .~ (.4 Jn ~~m

a’) a m e  S l im;  ii i t  i - I  i1~~~~, , b ( t - )  m i i i  ( c )  n A : S p c c t t - ~t - _ i \  . ~-~~-t  t ; r

L t n ~~~~-, -n 1 c: t - b -~~ n m  H u  :~ - ‘ - - t i l e r - c c - m i n i :  c i t  H O t - L i l . e  C) 1 C:oi~

a t t c t e - ;~~e S - . e a  of  a ;  -. - e tO t m ; t - e i e c t i c m  b-c ; ;. 1: -a r - I L  r u I n  o r e

C t u - c t : : L  i f l  t i l O  J i l L c : t  i i  ~~j t u  t j  wn , i’ l - ~~~~i c  L : J ( c )  , r , m e , i u  ii; t t i~i L u ’.-.

a r iv : i Lj \ c  f o r m  m a c  c- - T r e e : , F’ u - 3p eo ;  ~ ( e )  , - I o t a  ta~ the i m ; - r i _ I , c e ,  n - n - ; —

n a l nie- iso - t a - t a m ed i _ I l i  1:;Lc i r a t i , .a i .  h~ n n t . ~ - - L a t i n -  :n t-~~~ L - . e  af

i c ) L ; l e  10 it is ( e t a  r : o ;t  b o t t l e  t h e  C O t  ~ - i m  i n I~~ u OX i ~~Cfl A l i g n - i  o n --

e m i t s  ; c - c r o n n n ;e W i t h  ~ i , C i  0 : 1 — i n - i eX I . o .cur e  t o  t u - t :  a l m - L e  0 ;i  b e e -i ,

-and t h a t  t h u  oxycj en .-moge r t - u r t u i i t  j e t -r e use s  a t  -a f a n - O c r  r~ eL u

und icatina- dis j rupu. i t - c i t  i o n .  ; - A t c - r  t h e  aasorption of Cf  : n - i s

m ; - , c , r c  : :r i)n l t h e  / c U c t m : ;  d a c - ~ L b - a t  u - g u I n u i l t i e l T S  of c i n i b o i n  a l  m i . . y

;o t n  a t o m s  were ;~reser . L 0;; f n e  Ci 1 f i ) ) su r f a c e 2 1~ ~~~~~ can:  n t; ;  u i

n i x . c : - m a n  c o n i c c - m m t r a  t i n ; i s  wec~ta found  to dc-crease  L1 l0~m ar i d  35% rc

- ‘em; t i v ely  c i f t u -r 10 c n n  mc c le c t  r e n t  beam e x p o s u r e , and t -y  30~ . i n i

‘)Q~ a f t e r  4 0  m i m e
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Figure 10 — First integrals of the respective data shown in
Figure 9.
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Experimental  methods to reduce electron beam e f f e c t s  have

been inves t iga ted  in the con t rac t , i nc lud ing  ( i )  e lec t ron beam

rasteriri g (in  the scanning Auger microprobe this  can reduce

beam e f f e c t s  by n 5 0 0 X )  , ( i i )  de focuss ing  of the e lectron beam ,

and ( i i i )  the use of low e lec t ron  beam cu r r en t s  coupled w i t h

signal  averag ing spec t ra  or by us ing  pulse  coun t ing  techniques .

The use of sof t  X—rays  ( e . g .  Mg K ) to gen erate Auger e lectrons

has also been inves t iga ted  and found to be ex t remely  u s e f u l  in

e l imina t ing  e lec t ron beam induced e f f e c t s .

G. Sample Charg ing

In st udying insula tors, samp le ch arg ing is a common occur-

rence. If the amount of charging is constant with time this

generally causes no severe problems in Auger peak identification

as -a l l  peaks wi l l  s h i f t  up or down in energy by the same amoun t .

D is to r t ion of Auger peak shapes sometimes occurs.  The degree

of cha rging can u sua l l y  be ad j usted to obtain  u s e f u l  Auger data

e . g .  by chang ing the incident  beam voltage and/or  angle of m ci-

dence. Even sodium act ivated insu la t ing  powders have been s tud—

led successf u l l y  in this  contract  by us ing low e lect ron beam

cur re n ts cou pled w i t h  electr on ras te rin g techn ique s.

28 
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SE CTION I I I

DEPTH PROFILING

A. Ion Gun S p u t t e r i n g  Rate  C a l i b r a t i o n

Two types of commercial ion guns  were used in th is  contract

fo r depth p r o f i l i n g , Ph ys ica l  Elect ronics  Indus t r i e s  Models

04-161 and 04—19 1 .  Both guns  were operated at ion energ ies of

2kV but  as they were of different design they produced differ-

ent ion currents even for the same electron emission currents

in their ionizing chambers. Further ,the focussed ion beam di-

ame ters are d i f f e r e n t  and it was therefore decided to calibrate

the sputtering rates for these two guns (at constant gas pres-

sure) as a func tion of electron emission current. The ion guns

were mounted on a Physical Electronics Industries model 545 sys-

tem at sta..dard distances from the samples to be sputtered . As

tantalum oxide films can be grown on tantalum to reproducible

t h i cknesses  qu i te easily by an o d i z a t i o n , they were chosen as a

s t anda rd  to measure  the r e l a t i v e  s p u t t e r i n g  ra tes  of the ion g u n s .

The t a n t a l u r e  oxide f i l m s  used here were anodized in phthal ic  ac id

a t  80V , the th ickness  of the f i l m  being measured as l l5nm by

comparison w i t h  the s p u t t e r i n q  ra te  of a l O On m  s t andard  supp l ied

by Physical Electronics Industries. It should be mentioned that

the changes in color of the f i l m s  observed wh i l e  spu t t e r i ng  pro-

vided a useful guide as to how much of tine film had been sput—

te red aw a y .  T in e color contours  also provided a measure  of how

w e l l  the ion beams were f o c u s s e d .

29

I . .~~~~~~~~ - , ,,. —-- ~— - --.—-- - - 



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _-

Tb-ca sputter in s rates for t a n ta l u m  cu -mid — - as a funct i -n- n of

e lec t ron  emiss ion  cu r r en t  ( i n ;  t i n e ion u - u n )  u r n -  p l ut tu c  in Fi t —

urn ;  11 fu r  a r - on at a pressure of 5 mm l0~~ Pa ( u - t u n e r  n~ ct u i f l u - i ,

i c - n n z a t  ion c au q e  r ead ing)  . Tb -n - t ime to spu t te r  through t h e  t i  ion-

.-.‘ aS  : n a su ru - e I  as tb -c t ime taken for the o xy gen  Auge r  si gn a m ]

s t r u n e  t h ;  to dec rease to 50 % of its v a l u e  in t au e t a lu r n  c m - m i c e .  i c i c -

b r ;  g u m s  vu - re  ac c u r a t e l y  a l ign e d  ~~nu focussed usime g toe  t c : c n : —

m ; u u c e  of ion exci ted Auger e lect ron ;  sp ectrosco~’y
28 . b - u t - a n i s e  of

t h i n :  rc~ at i v e  ease of p rn-1 -a rat !on ;  ar;-a r-4 r-: -~:u -a ib i l i  t y  of ta~~t m m l o n .

- :., i du  f i l m -  t h i cknes se s , such f ; l m s  We ;  e u su a l ly  t . o u m u t e d  in the

a m ; i l y s i s  - c e m a m : : b - e r  so t h a t  t b - n -  S~. at cr1;; : r : e t e s  of  n i l  ma t o - r i a l s

i nv e s t i g a t e d  could  be r o iat e u  t i  t a n t a l u m :  - a x i  cc a m a  ounce lu- :

~~m C f l  e t h e r .  A list of such rd a t  iv s~ -u :  t c t - l ; n -  r at es  r : i c e s u r ~:-d

is ~ r ov i deu  in Table 1 fo r  a m e u m : uo 01 c ; a t n n :  i al s  — . n i - u t t e r ;n u -

was c a r r ied  ou t  at  2kv w i th  m i l e  ~c n - - : u n ~ ~resn -unm of 5 mm lO~~~ P a .

i l e c  c - f l u - c t  of a n o d i z a t i o n  v i , l t e g u  in n ; t in e  t i i i c m u m e s s  of t a n t o —

1 a m : ,  - -x L Ot ;  f i l m s  was  a lso  stu a l c u  ;iy r e e a su r i  m m - :  tOe L iOe  i c c u ir e - J

tn -~i u n - H r  t b - r o u t - t n  t i n ,- v a r i o us  f i l m s , i i : u r c -  12. It corn be Sen- n

t o m L t i m e  n-~ u t t e r i n g  ti man -  i m ;c r ea s cs  l i n e ar l y  w i t h  i - r n  er a t i o n  volt -

a ge .  hi n - L u c y  was also m ade to d e t er r in e  if  toe i o u a m ; m n n s s  of the

t a n t a l u m  sarj i mt r at e s  b e f o re  an d  - i iz a t i o n  a t  ~OV a t  (ct - t ed  the m e n —

s : . r e u : e - a n n t .  G r i n d i ng  the s u b s t r a t e s  c i t  h u~ to I S m r n  a i i : u m i n n a  p a r —

c ies  b e f o r e  a n od iz nt  ion w as  ; m o m . f ou n d  to  a f t  t a c t  t o e  a c c u r a cy

ot the cal ibra t ion measu rement s .

The use of xenon for sp u t t  u - r i n g  W~~5 a l so  s t u m u i e d  f u r  t h e

model 0 4 — 16 1  ion g u n .  For t n n ; t  a l u m t ;  ux i l t -  t i n t  i n f u t  t i nr i n t -  r a t  ca

was  f o u n d  to be 1. u A t h n  t 0 in i r g u n  m t  2 k b  a r ;d  ~ x i t~
• ~ i t  ( u n —
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TABLE 1

ARGON SPUTTERING RATES FOR SOME MATE RIALS RELATIVE TO Ta 205.

Material Relative Sputtering Rate

Al (on Ti)  1.4

S13N 4 (o n Si) 0 . 9

SnO 2 (o n CuInSe2 ) 1.1

5i0 2 ( on CuIri Se2 ) 1.6

WC (on glass) 1.1

TiC (on glass) 1 - 5

CuInSe2 
2.9

TABLE 2

XENON SPUTTE RING RATES FOR SOME M A T ER I A L S  R E L A T I V E  TO Ta 2O 5.

Ma ter ia l  Re l a ti ve  S p u t ter i n g  Rate

MoS2 (on glass) 
1.8

M0S2 + Sb 2 O3 (o n g lass) 2 . 2

wc 0.9

TiC 0.8

32
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C : ;r r e c t e c i  n uu i c ion i z a t i on  ga uge reading ) . This faster sput—

t er i m ;g  r a t e  of xenon was o f t e n  use fu l  in s tudying  thick f i l m s .

Some s p u t t e r i n g  ra tes  relative to tantalum oxide , measured for

xenon  are listed in Table 2 .

B. Io n Exic ted  Auger  Electron Spectra

The most  common me thod  fo r  e x c i t i nc j  Auger spectra of solids

is bu- electron bombardment. h owever it was recently observed

t h a t  low ene rgy  a rgon  ions ( 2 k V )  could also produce Auger d cc-

tr ons  in c e r t a in  solids 29 . A comparison of Auger spectra of

~1g, Al an-i Si excited by low energy electron and low energy  argon

ion bomba rdment  was ca r r i ed  out under the present contract. The

most si g n i f i c a n t  d i f f e r e n c e  between the two e x c i t a t i o n  methods

is in the A u : r u - r l ine  sh - ,a~~c produced. Typical Al LMM Auger spec-

t r a  produced by electron and argon ion bombardment are shown in

F i gu re s  13 and 14 respec tively. For elec tron exci ta t ion  Fi gure 13 ,

thee main  f e a t u r e  (labelled d) is due to L2 3VV Auger transitions.

l i n e  f e a t u r e s  “ in ” and c” are the 2nd— and 1st—order bulk p l a s —

mon losses of the main peak , feature “b ’ is the Coster—Kronig

transition; L L~ V , fea ture ‘c” the L1 3VV transition following1 . ., i

in i t i a l  double L level i on i za t i on . Note how the shape of fea—

f a re “ un ” r e f l e c t s  e s s e n t i a l l y  that  of “ d ” . With the argon ex-

cited spect rum , Fi g u re 14 , note the lack of Coster—Kronig and

double  i o n i za ti o n  peaks f rom the spectrum . Note also the sym-

metric nature of the main Auger feature and the shoulder on its

h i g h — e n - r e ;  side . The o n e r n y  a t  w h i t - m n  t h i s  shoulder occurs is

34
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essen t i a l ly  the same as tha t  of the main Auger peak f rom elec-

tron excited Al. The symmetric feature in Figure 14 is inter-

preted as due to t r a n s i t i o n s  from a tomic- l ike  M o r b i t a l s .  Under

ion bombardment Al atonis will be sputtered from the surface in

exci ted s ta tes , and i t  is not unreasonable  to expect Auger transi-

t ions  to be detected from them also 30 .

Under electron bombardment , Al L leve l io n iza tion occu rs

t h rough Coulomb excitation . Studies of ion—atom collisions show

that inner-shell ionization can occur through an electron pro-

mo tion mechanism 31 . During the collision a quasimolecule is

formed and inner - she l l  e lec t rons  of the t a rge t  ( e . g . ,  A l )  may

be promoted through molecular orbitals. If the distance of

closest  approach  is s u f f i c i e n t l y  smal l  such promoted i n n e r - s h e l l
32

electrons may cross unoccup ied outer levels in Ar+ . A f t e r  the

collis ion , vacancies can therefore be left in the (originally

promoted) inner—shells n - f the t a r g e t  (see Reference  31 for  a de-

tailed discussion of the nsechanism) . If one applies this mechan-

ism to the case of ion-solid interactions , then for argon inter—

111 ting wi th  Al , i o n i z a t i o n  w i l l  t ake  place in the  L2 3  levels of

Al 32 . One would then  e x p e c t  t i n e  a rgon  exc i t ed  Auger  spec t rum

to consist pr imar ily of a combination of L 2 3 MM (atomic-like ) Auger

transitions from Al sputtered in excited states and L2,3VV (bulk-

like ) Auger t r ansi tion s from exci ted Al in the sol id. To test

this  hy pothesis , ion-excited and electron-excited Auger spectra

were d i g i t i z e d  and sto~ ed in a Nicolet  instrument computer. The

35
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Fi g u r e  13 - Low energy Auger spec trum of Al exc i ted by 2keV
electron beam .
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Figure 14 - Low energy Auger spectrum of Al excited by 3keV
ar ug on  ion beam .
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u t u - r u u - i  d a t a  ar t  shown in l i g u r n -  15: ( a )  the  c - l uct r o n— e x c i  t ed  afl in

(b) the lon—excit n -U A uger  s1u- ctra. Figure 15 ( c )  shows the  r e-su i t

o b t a i n e d  after subtracting a fraction of part (a) from ( U )  , an

e s s e n t i a l l y  Symmetr ic  nna i f l  peak t o g e t h e r  w i t h  some smal l  fea-

tu res .  Such a symmet r i c  peak would be expected for atomic- -like

transitions. This subtraction procedure is only approximate be-

cause of the inclusion of the Coster-Kronig and “double ioniza-

tion ” transitions in the electron-excited spectra and the fact

that the high-enercjy side of the ma in  peak in the electron-ex-

cited spectrum has a sharper cutoff than that in the ion-ex-

cited spectrum . This latter point could be due to the fact that

the ion-beam diameter is a few millimeters whereas the electron—

beam d i ame te r  is about 0 . 2 m m , r e s u l t i n g  in an apparen t degra d ed

resolution for the ion ex cited measurements .  I t  should be noted

that not all materials are expected to produce Auger electrons by

ion bombardmen t, depending on whether or not inner shell  elec-

trons can be promoted to produce inner shell ionization .

Studies of Mg and Si lead to similar conclusions. The ion

excited s ignal  (peak- to-peak)  f rom M g ( 2 k V  ions)  is about  an order

of m a g n i t ude smal ler  than  f rom A l .  A s tudy  was a lso  u n d e r t a ken

to compare the Mg L
2 3

MM Auger currents produced by low enerimy

electron and argon ion excitation and it was found that under

normal incidence a l.5keV electron is only about a factor of 2

more ef fec tive than a 2keV ar gon ion in producing MgL2 3 ’11~ Auger

electrons. The ionization cross-section for the L
2 ~ 

shell using

2kV argon ions was est imated as 1.5 x iO~~~8 cnn 2 }t n - r  ion . F u r t h e r

38
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(b)

ELECTRO N ENERGY -~~~~~

Fi gure 15 - Elect ron exc ited (par t  a)  and ion excited (par t
b) Auger spectra of main Al features taken under identical
experimental conditions. Part (c) shows the result obtained
af ter subtrac ting a f r action of the electron excited spectrum
from the ion excited spectrum .
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details of this measurement can be rn-ad  in  Reference 33.

Other trends noted for ion excited si-ectra of rig , Al annd Si

are:

(a) The ion excited Auger signal decreases with decreasing

ion energy. This is consistent with the elctron promot*n model

because as the ion energy is reduced , the distance of closest

approach of the nuclei will increase , so the cross section for

electron promotion will also decrease.

(b) At a given ion energy, the ion excited Auger sic;nal de-

creases rapidly with increase in atomic number. This is also

consistent with the electron promotionn mood because the

binding energy increases with atomic number , thereby reducincj tine

cross section for electron promotion .

(C) No transitions originating from an L1 level are detected

(this statement does not apply to Mg because of peak overlap)

This is consistent with the electron promotion model as much higher

ion energies would have to be used to reduce the internuclear dis-

tance in order to achieve promotion from an L1 level (see Figure 4 ,

Reference 34 for the case of Si) . Further , no such transitions

in Al were detected using bO keV argon ions for excitation .35

( d )  No Auger t r a n s i t i o n s  due to i n i t i a l  double L level  ioni-

zatiori  were detected us ing  3 key argon ions fo r  e x c i t a t i o n. Such

t r a n s i t i o n s  have , however , been observed in Al us inq  60 keV argon

ion bombardment.

( e)  B u l k  plasmon losses associated with the L~~ 3VV Auger

t r a n s i ti o n s  a r e  i d I S e r V e d  for the ion exc i t ed  spec t ra , 2nd—o rder

40
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losses are seen for Mg and Al , whi le  1st-order losses are seen

for  Si.  1st order losses for  Mg and Al over lap  w i t h  other  peaks .

This result contrasts with other interpretations of ion excited

Auger spectra35 ’36 where no structure was assigned to plasmon

losses due to an apparent discrepancy between known plasmon loss

energ ies and observed peak pos i t ions .  No such discrepancy exists ,

however , when ion excited spectra are interpreted in terms of a

combination of atomic-like and bulk transitions .

Further details of this work can be read in References 29 ,

30 and 33.

1. Application to ion gun alignment

In order to obtain reliable depth profiles with  Auger elec-

tron spectroscopy i t  is of paramount importance t ha t  the ion

gun beam , electron beam and specimen be accura te ly  posi t ioned to

coincide at the focal  point  of the a n a l y ze r u sed , typical ly a

cyl indical  mirror  analyzer (CMA ) . 28 heost p rocedures used were

tedious involving the use of a Faraday cup or t r i a l  and error

techniques.  However , the phenomenon of low energy ion excited

Auger spectroscopy can be used to provide a rapid method for ion

gun a l ignment , and to check a l ig nment at any later  time .(Real ign-

ment was sometimes found necessary , probably because of small

movements between ion gun components due to thermal  e f f e c t s) .

This technique was developed in con junc t ion  wi th  R . W .  Springer

and T. W. Haas and is based on measur ing the ion excited LMM signal

41
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Figure 16 - Example of precise ion gun alignment using ion ex-
- 

cited Auger spectroscopy . Magnification 20X.
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S :an i I a r  to t h a t  U S i n j  1.5 -~eV eln-ctrons33 . (These lo om e n e rg i e s

-c r ;  i p  i~~~i l of t T m e ~se u s n - d  in dn-~ r n : [ - m o f l l J e n - J ) . A ty1 in- ~~i ros :lt

tejn~ -i f ro m  :10 is sh o w n  i a  F 1~j u t e- 17 , ( a )  I t  n a g  the  A u g e r  ;~p -ec—

ru m  ox c i t e a  f- age-n  r n - I n s , ( U )  t h a t  e x ci te d  Lr~ ~ L-ctren;s in~i

U :) t ate r n - s i l t  i ’~~~a L n ;c ~I w i t h  c- - 1 : m m  I ) ea!Lin On sim ultaneousl y . ‘1 he

SO re - n- f  t i ne  s i - ja -ml s in  h i q ur e s  17 ( a )  and  ( U )  i s  see -a-i n i n  U i - em ma

17 ( 1) -und is no t  a L - n i l  m e a n t  1; diff~ reut from th~et o b t a : n e t - ,i wn  t e e

- t b  meac ia ,  on s 1 n n n u . 1 t a n m ~ -e o e e s
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Fi gure 17 — LMM Auger spectra of ~-1’ t -; k~~-n (a) with a l O m A ,2000
eV argon ion beam , ( b )  w i t h  a 6 A , 3000 eV el~ - - - t r o n  U n - a n  - n - m d
(c) with these two beams on simu ltnan -ceu sly . Part (ci ) is t h e
sum of the data shown in (a)  and (U)
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The ~- ‘ e n t r ~~b ’m ’ in - an  e f  ~~he ion exci ted Auger  si gnal  to the

m e a s u red  e - s — t - ~ —p ~ - a ~ i h e - i c l et , 2 0 %  in F i g u r e  17 , can be a source

of e r ror  in  depth prof iling I~1g. The signal strength due to Ar+

can be d~~cre -esed most effectively by using a lower ion beam

t - n e r r y  as th e  signal s t r e n g t h  v a r i e s  rap id ly w i t h  ion energy in

the c~ -~ r an g e .  30 Use of h i gher  bo: - ;bar dmcnt  energies would en—

i1ancc t i n e contribution of time ion maxci teu Auger signal. Further

r e d u c t i o n  of the e f fe c t  could be acc-onnp 1ished by using lower ion

c u r r e n t s  or la rger  e lec t ron  beam c u r r e n t s , as dictated by de—

sired s p u t t e r i n g  ra tes  or by poss ible  hea t i ng  of the specimen

under  s tudy . A l t e r n a t e l y ,  it may be possible  to use the less in-

tense li : N 1 . 1  A uge r  peaks (near  1200eV )  for  depth p ro f i l i ng  as

t n i a S n e  t r a n s i t i o n s  are not excited by low kV ions , but  this  would

r e q u i r e  a h ighe r  e lect ron beam energy for  e f f i c i e n t  KLL Auger

p r ~~d uc ti on .  Another  problem arises in depth p r o f i l i n g  Mg coin-

poum nus as fo r  example  no ion excited s igna l  is detected from MgO.

Other  m e t a l s  can also give rise to Ar + excited Auger transi-

t ions out  of a l l  me ta l s  s tudied to date , Mg appears to g ive the

l a rges t  A u g e r  signa l s t r e n g t h  under Ar + impact 30 . Auger t r a n s i —

t i n - u s  can also be exci ted in metals  under low energy  (K 5 k e V )  im—

p a c t  w i t h  other  ions bu t  such effects were not widely studied .

C. E l ec t ros t a t i c  Shie ld ing  of Ion Guns

Two problems were noted in operat ing the commercial  ion gun s
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Figu re  18 — A u g e r  s pec tr a  of a f l a s h e d  s t a i n l e s s  steel spec i—
men t aken  ( a )  wi th  the i o n  b o m b ar d m e n t  g u n  o f f  and (b) with
tine hi gh v o lt age  (2 0 0 0  V) a p pl i e d  t a  the  ior ~ g u n .
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-as s-s~-p 1 l t - d  n - -a t i e t a n u l - e c  - m i m r , dec  t n -  t I m e  fu-~ ~ I -
- m- - \ ’  W

ne t ~ t ei r o s t a t a e - . l i n  a ; - i - f I e d : (
~~~~ ) a :-: m e i o n ~ i:- ~- J - ; n i - n l S t i U e i t ~ i

or  ‘lw n- n i c y  A u m e c -:  i t - l t U I n - s  f t  i t  v- ’ _- to t , , ~ st- r t tei c fi i a- c t - n - : ’ ,

~n~~t ia) i n ;  earn -i i i i  ; ; e e - ; n s u r ; e ; - ;  t b ~ he ci , - c u e  i n - n e t - a c e r  : ; } i y J ~~~r ;  ~

b.i as ‘ - t ci - Sina i . - U - . lien Ace c - a  a pe -
- n - nm n - -f  f~ n m i - f  st  a in  !e~ ;

SL e d  si n - n - m a- n t a f t - n i  in  a s n - a n n e i n - 3  lc ’ln -e- i n e : ~~- x ~ j i n - b
e 7 systuc’ is

sheen in Fi g u r e  13 ( a ) .  Tee c m  jot f~’atui - es r ee ~ to suit ui arid

- ‘e ;  A u u e r  t r a i t s  i t i ons  a rt - i n di c a  tori on t : i n -  I iq er n- . - 1  i c a —

a n o n  n -f 2000  \- t n -  t n t ’ i n - n  ,o: l ,~- e- : ie na - - i n i - qua (in vacuum ) c a u s e - _i t i m —

- : n - ; n - r  spectrum to c i n a n n - : n -  to t ha t shn - v . c e i n ’  1 - i a ’ m n a  1 8( a )  and i t

c ane  La - seer ; tha t tine e u - : r - n  pe-ara u .n — n -  -fl .- e - r , _ -ôan- d in s ize  and by

r~er r ,’ i n n ; ;  amo u nt s , t h- _ - dc - n - n  ease bn -l~i - ’ l e g n - :  f u n -  s m a l l e r  t h e  l’-a’~~
_-i-

en e rgy  — the lor.~ ‘~~in 1 - y a- j.’a’ak decrease-i  m y  more t h an  501- , the

s u l f u r  }- - E - - n k  Iay ~‘3~ a n d  t I e —  h i g h  ener-n-; IA- peak h-i aL - o u t  10% - As

the dea ’e-: se s s i c r e c e  sizn- are din ; t - ’  c l eA n - n - s t a t i c  o f e  ac ts

r n - n i  t h e .- i n - n :  e ; ’ i n , Inc :cca nn m n i t  ucl a of t h e  ~i a ’ c n m .- - n s ’  d e l ’ c -n ;d s  en S i - n - C l —

-i a ;c ’o rc e tr v  w i t h  ra- s~:-ect . to  t he’ ion ~~~ J n ; e :  s I ; - - c t : c ’ a - t n - r .  Ti ne

data s l I e ) ~~ ; i n  I ] ~~~-u n ’  12 W e r e  o t - f a i n e d  u s i n e - :  -~ i 0.73m ;A , 500t’~ V pri —

air elect ron  b~;ann a a -  thc~ a w t s no di: I; - c t  al-ic chan t’ in t he  be-in - .

t n - a l t e r  a on t i r e . - S I — c - n - i O n -n a t - ;; i i i ’ ; : n i f j c a t ] o ’ e  of 500 ‘i. ‘n i n e  io nic

currt-n t :-:is el -e n su e ‘i 1 1 5 1 C c - ;  a 1 - :r in; erg . he c~n nin - e n t of 0.71; Ic

w a r  - ‘Utie min ed LI- ap~.e i- y in~g a +97 V bias to  t i n e  m e t a l  I in -  :-- j  . -c imen

r - e c a s u e : n e r ;  t he  c n m n n - a e n L  to q : ’ e n e - d .  T h i s  l a t t e r  mne n - t iiod i c ~ corn —

‘ca r e I v  n a n - i  t o n e m - a s u r e  beam cun: r~-n n t s h i n t  is also s u bj e c t  tn-

i f  c u r i e - n t  r n e a s n n r v n n a n n t s  c r c - n c e - n 1 i e ;  d u r i n g  c l c p t i l n  p a - i ll  i n n
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with an unshielded ion g u n .  In t h i s  case the electron current

then measured 0 . 6 6~~A , the decre ase being due to the loss of

some secondary e lect rons  caused by tine e lec t rostat ic f i e l d  from

the ion gun . Effects of unshielded ion guns on Auger peak

heights  were observed in other  Auger sys tems also , t i n e  s i z n -  of

the e f f e ct depending on the geometr ies  of t i m e  sys te l : c s .

Thes e problems due to unshie lded ion guns  were o\e-r a’ - ra ’a u~;

enclosing the ion gun in a stainless steel shield. The shield

covered the complete length of the ion gun and was atta~~ln ~i to

the vacuum chamber due to the rathe r small clearance ol the

ion gun vacuum port. No significant problems wer~ m ar-; eanc ’. -u nn-

tered in measuring Auger signal strengths or in mcasur amn ’- ian -icc -,

currents.

D. Some Other Problems in Depth Profiling

There are many other problems 38 associated w i t h  dc-ptA ;

p r o f i l i n g  using Auger electron spectroscopy such as (a) non—

uniform ion flux , (b) microscopic roughness of tine target }.) rc) -

duced by the ion beam , (c) ion induced motion of impurities ,

(d) surface damage by the ion beam , (e) preferential sputtcrinng

for compounds and (f) samp le charging . The non-uniformity of

the ion flux is usually not a serious problem if small electron

beams are used for Auger excitation. A set of deflectors was

constructed for the model 04—161 ion gun to allow ion beam rastcrincj

if such a problem arose. The newer model 04-191 ion guns are

48
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equip~-c~d for raste-rin y by the manufacturer. Roughness pro—

r t u ~~n-d by the  ion beam can be qu i t e  serious but i t  depends on

n ; m n ~- f a c t o r s  such a s c m a - s t ; n l l i n i t y  the angle  of the ion beam

r e l a t i v e  to t i n e  s u r f a c e  being bom barded and the p resence of

fo r e i gn p a r t i c l e s  on t he  r- pec mmen.  Many compounds can decom-

pose under  low en e i gy  argon ion bombardment e . g .  in reducing

n - s i d e - s to the co r r e spondin g  m e t a l  or a lowe r oxide 39 . Other

aspects of these problems c-an be mead in Reference 38.

A nn  e x am p l e  o f  sanneile charg ing during depth profiling is il—

l r m s t r a r m a~ ii; F ig u r e  19 for a glassy material. The Auger spec—

f r a n c  a h ’ , w n n  in  i ’ l g Jr e- 19 ( a )  is fr om the g lassy  mater ia l  before

ion b o m b a c i m e n t .  ( - f in -n the io n beam ( 2 k v , 3mA electron emis-

sion ; , 5 x 1O 3 i i  ~e.r-~on , cnn-de l 0 4 — 1 6 1) was turned on the spec—

m acc , 5 I ; e ’ W e c  fl I igure 19 (b) was o b t a i n e d . It can be seen tha t

tile - I-ILL ox~- ;en icci alurmu inunn peaks have shifted down in kinetic

e n en ~~e’: an-i h ave also decreased in s i z e .  The degree of s h i f t

i e d  ccatcs t tAnt the  :e . m e c g .’t o  c I n a r ~;ed to about  +200V on appl icat ion

of tAm e ion i n - c c ; : .  I t  was found  t h a t  appl y ing a voltage of — 2 0 0 V

to  the s c m n g c l c  r c n e r m e n t d ur in g sp u t t e r in g cancelled  ou t the e f f ect s

ut c h a r - ; i n n - ;  on t l~C oxy -~e n n and al uminum KLL peaks , Fi gure 1 9( c ) .

~n o t n -  t h a t  not  on ly  have the peaks re turned  to thei r  approximate

energ ies before ion bombarding , but that the peak intensities

arc’ also close to their correct values. As the degree of sample

c imclrc I i fl lj usually changes during ion bombardment , it may be use—

4 9
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c i  t a  ~L s i y n  a S;San- : tt n m r r - m ; e a t i  l i~ n-c - I-: ~tt.-ii SunL: f o r  the- sai m —

p ie  c h a rg i ng  t c i  i i l l u w  Cn - c - U ~ c i t  a. de j ’ ’ .h p i t - t  iL- s t o  1,n- oi .- t . a in ; e - d i~- - r

sun - u  a~n- I n - S .

Time e f f e c t  of s u b s tr a t e  roug hness  was also i n ve s t i gat e d

fo r  t i n e  case of copper f i l m s  on a l u n n i n u r n . 2 On m e’-;~ap o r c m t e d  Cu

h u m s  on one pol ished and s e v er a l  roug h Al s ub s t r a te s  (prep a red

~. i i h  600 , 400 , 280 , and 120 gr i t  s i l i con  c ar b i d e  p n -p e - r s )  shean-d

n - i l  - i  J a r  t h i c k n e s s e s  on d ept h  p r o f il  l i i t ~ . l Iowr-ve ; r , a f t e r sp u t —

L e n  ~i n i —  t h r o u gh the Cu f i l m s , the Al K i t  s u bst r a t e  si gna l  ( n e a r

1400 cv)  did not i n c re as e  rapidly for the roug hened substrates ,

in c n-m ;t :r a s t  with the increase obtained from tine polished sub—

st : a te- . In d e p t h  profiling , tine depth resolution is usually

a L t - u t  l - l 0  of the depth 01 nna ter i a l  rn -moved .

I ran -t i e r p-t- -bte m ’e n - m 1~ cn -uf l  t n - i n - i  in dea i Lb a r e  f i l i nd  \~as the  si ’ ;—

n - u i — t o — n o i s e  l i m it a t i o n  imposed by t ine n n u l t lj ’i e s  SI-stem SUp—

l i e d  w i t h  the scanning Auger microprobe 37 . The signal—to-

mn ~~isai fo r  dep th  p r o f i l i ng  was improved by m o d i f y ing the multi-

~-iaxn - r to a l l o w  the use of longer  time constants in the phase

sensitive detector , a time constant of 3s being found suitable

in  most cases where smal l  Auger s igna ls  had to be measured.  Fur-

tb -a  d e t a i l s  can be read in Re fe r ence  4 0 .  A cont ro l  panel was

-mj so added tee the m u l t i p lexer  to acId ‘ S K I P ’  or ‘PLOT ’ operat ion .

K .  The App l i c a t i on  of Tai lored M o d u l at i o n  Techn iques  to
Depth P r o f i l i n g

In p r o f i l i ng  t h r o ugh  t h i n  f i l m s  of a l u m i n u m  and si l icon ox—
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ides on the pure materials large ener-;y smni ~~ts in thn - -‘em m r ce r I n  mc—

sitions occur in going f rom the ox ide tn the s- h - t oe. I c - n - A l

metal the main LVV and KLL p eaks  occur  a t  07ev a n m - I  l~~ c~~~-\ T m .-

spectively whereas in Al203 they occur at 52 e V and l3~u ;c\ ’
~~. Be-

cause of these s h i f t s  depth p r o fi l e s  of A1
203 on A l ar c -  - t ~~~m . - n

plotted using the two LVV peaks or th e two KLL 1 — n - - s

and provide information about changes iii chernis ti -; w i t e .  n - au  t b ,

but do not provide useful information about a l u n e i n u ’  conct ~n t  an --

tions near the interface . Depth profiles of t h e  s- Tu n a -  s - a s t e r n

using wider energy windows to encompass peaks i n  on-t i  t i e  oxide

and the metal show little improvement for quarntit~et ive ~a c n a 1 y s r s ;

in fac t  the use of such peak—to-peak height measurements incc-

rectly indicate a depletion of aluminum near the it1 2O3~
I
~
l inter—

face .

A conventional depth prof ile of A12o3 
on Al Using peak-to-

peak heights in~4~~~~ (E) of the 0 KVV and Al KL21 3
L 

~ 
transi-

tions is shown in Figure 20. From this profile it can be sc-cn n

tha t the measured Al Auger signal strength decreases soon after

the commencement of sputtering , passes through a minimum at which

the Al signal strength is about one half of that before sput-

tering, and then increases towards a new value which is sligh t l y

bigger than that obtained before sputtering . The oxygen Auger

signal strength decreases slowly at first and then rapidly de-

creases towards zero as the A1203 is removed. From such a pro-

file it is difficult to determine where the Al203 - Al boundary

52

______________  -~~~~~ ‘—  ~ rv:. n-T~+—~~~~~



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - -  -- - -- -

~~~~~

--- - - - -
~~~~~~

4-

C

:~~
5.

Al

°
~~~~~~~~~O 2 b~~~~~~~~~ 4O~~~~~~~~~~6O 7O

SPUTTERING TIME (m m .)

Figure 20 - Depth profile of Al 0 on Al obtained using peak-
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is, tue 1 n - iL c ’st~ n m cea t n -  tA t H y  ~ I t -  . -~- i - T t e ~ t ’ I  r e o t i n y  whore thu

oxlgen i i  1 0 1  ~— n i c n i - ; t t c  Ac r n -n - sn - i ;  t o  t h al t i t s  i ni t i a l  val me- .

t h e  Al pre tA - tA u m - c L a i c i l  -in-es ; e - t  ~ ~~L t h a t  n-c-:pcctc-d f r o m  L I ne

r a r i at i  n - u in Al a t  c-n;,ac de ns it ie s  j i ; Ic i~~O 3 and Al mccc tai l . As t ine

n-I ~~~ c a ’ec1ie u & - m m s i t y  is ~~U o U L  4 0 t  h m - ; n e r  ire Al met a l  than Al203

t u n e  Al u e n n s l t y  sinoa cc remain cocistant untui l the i n ter fa c e  is -i~~
- —

a ic ime ct  when contribut .r’.-’mms to time Auger signal fromu the n-nicer-

l~ m g Al  m e t a l  w i l l  c ause  thn -  me a s u r ed  Al d e n s i ty  to inc rease,

n - t n -  f i n a l l y  reach a v a l u e  cor responc i i ;n- .t to t in e -  d c mn s i t l - ’ in  p u n

A l .  The Au g e r  si gna l  s t ren g t h s  are not expect  ci I o f o l  low t h i s

c m c ~~ e- r u d e - n n C e  e x a c t l y  as t h e  escape dcp t im ei fur the  k c . l~ A uger  e l e c —

t L a e n s  t rem Al a rid Al 2 u 3 n - r e  not  n e e ct e s s a r l i l -  t i c c  sam e — t - i cn -  b i u c i c u

t i n e  n-scope depth , the l a rge r  t in e  volume c e n n t r i c a u t  t a g  to tm ie nnea—

surcu Are ,er siy n a l .  Tin e reason fo r  l me  u n u s u a l  b n - :n c i v i c r  of t hn-

Al KLL depth  pr o f i lc  can n-c seen by r e f e r e n c e  to Fi gure  21 w h i c h

shows the Al ~L2 3L2 3 A u g e r  peak s in ( F )  a f t e r  v a r i o u s

spu t t e r ing  t imes.  Figure 21(a) shows the peak from A12 O
3 be-

fore sputtering. After ~ mm , Figure 21 (b) , the peak—to-pea~i

height has decreased sli ghtly but no new features are seen. Af-

ter 20 mm , Figure 21(c) , the signal size has further decrease- i

but now a new peak is resolved on the hi gh energy side. This

new peak is due to the KL2,3L2 ,3 transitions from Al metal and

is at an energy 7 cv higher than the KL 2 3
L
2 3 

transitions from

Al 203 . With further sputtering the Auger pea~ -to-peak height
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ENERGY

i q u r n -  21 — First derivative AIKL2,3L2 ,3 A uger spec tra f rom
1 203 ott Al after sputtering for various -times: (a) be-

fore sputtering ; (b) 5 mini ; (c) 20 m m ;  ( d )  30 m m ;  h e )  33 m m ;
( f )  37 m m ;  ( g )  40 m m ;  ( h )  65 m i n I .

55

I -
_

-
~~~=~~ -.-



~~~~~~~~~~~~~~~~~~~~ 
- - - -

from Al
2
0
3 
continues to decrease while that from Al metal in-

creases. During depth profiling the energy window for time Al

signal was set wide enough t to encompass tine i~’oaks f r o m  do-t in

A1203 and with the multiplexing equipment the difference be-

tween the maximum positive and negative going pcaiks within the

energy window are plotted . After about 33 mm of sputtering the

Al signal reached its minimum , tine corresponding Auger spectrum

being shown in Figure 21(e). From l- i gures 21 (f), (g) and (h)

it can be seen that as tine Al Auger peak grows , a new peak on

its low energy side does also , the latter peak being due to b u l k

plasmon losses in Al.

These sorts of problems can be overcome in uc-pth  1 -r o f i l i ng

using tailored modula tion techniques44 , where nneasures O~ the

Auger currents can be obtained directly from the phase sensi-

tive detec tor and plotted using conventional mult ip lexing equip-

ment. The depth profile for Al203 obtained usinq A u g er  a r e a

values is shown in Figure 22. Note that there is rio l onge r  any

decrease in Al signal strength near the interface. In fact , the

Al signal is seen to increase slowly after a puttering for about

20 mm and this corresponds to where Al metal was first clean ly

detected in (E) . As the interface is approa:hed t ine Al

signal further increases due to the increased atomic density of

Al. Also the interface is more clearly oefined , the  Al signa l

increasing by half its total increment at approxima~i tr I- . t n - c
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sarec t nrc m u c l v -  ux :- . c e n m  s i c ; n i - i dec n o t t S n - 5  to h a l f  i t s  o r i g i n a l

h r - m u l c t , a iL i c o  30 L i i i . n - t a  p a n - t i l e  S }cu.-;tn en 1 l g n r e  2 2  ~~- t S

aLt a i i ; n u f t  i -  i . n L o e j r a ~ in ’ ; ever -a rt e ne r gy  r a t n e e c -  of 35 eV - a n t i  f o r

t O c s  e;nn-r~n y  r a n - ; . : -  t he  Al s i u n a i  i m n c r e m se - d by i n - u t  75 f  I i  C3 C- if l~

f rom -
~~~~ 2

0
~ 

I a Al i- ni - ~n 1 . :~u nc c nn t ioncd ea r l ier  ti ne cl-taupe- i n  Al

s i n - e n - a l s 1 : a n - n n c m t i n  - i ~ - n ~- 1 Is  sccm - -wH - a t c m i  t h e  e ne r oy  range of i n t o - -

-a r a t  ion den-  t o  the  -~i i f fe  a c-I -n t e I -:-t ron  n - n m —  t c cy  oss me c h a n  i s in - s

arcH thes.a loss nn ec iiae n ~ srns w o u ld  mm- :  e--~i to ho lc uno~an be lore the n’ a

sn -red  . :hznnue  in si gn a l  s t r e n n q t  i i  could  be rec lateci exactly t~’ the

n- in - i cr-ne in Al a t om i c  c i c - n s it  y . In c- n -e ver , in cases where  the loss

n c - ’ - : c a c c l  m i s  a r e  s irn i l a  a n - m c i  no I argo ch amc ’in-s i n ba -ksca t  t - e r i r ’ :

‘- c - :u r , e .g .  Ti /T iU C J , d i f f e r e n ce s  i n  A ug e r  a rea  v a l u e s  should

r e l a t e  n - i a  - atl’: t a  ch i n - a g e s  in a t o - e c i  c c  d e e m e s i t T V . F u r t i n  n: d e t a i l s  

- - 
. a. n c p l  i - n - L i o n  of t a u i a n ~-o n c c o d u i a t  i c - c t  m c - c l n n i q n i e s  to ‘l ep t h

~~ y c c i ii; - - c n-arc be read l i t  Reference-s  36 and 4 7 .
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SECTION IV

OTHER SOld - ACt  t t t .Ai Y SIS  ~‘l - A 2 1 i N l ç J t L S

Some o the r  techniques were al~~o s tud ied  to v a r y i n g  do-ir e-es

to complement A u ger  a n a l y s i s .  These techniques  are so f t  X -r a y

ap p earaacc-  p o t ( n t i a l  spectroscopy ( A P S ) ,  secondary  ion mass

sp e c tr a s c o p v  ( S I M S )  and X - r a y  pho toe lec t ron  spectroscopy (X P S )

A.  S o r t  X - r ay  Ap ear ance  P o t e n t i a l  Spectroscopy

S o f t  X — r a y  appearance  p o t e n t i a l  spectroscopy (AP S)  is p - n  -

haps t i n e  s imp lest  method for  measur ing  core e l e c t r o n  b i n d i nu

entery ies of solids. The solid is bombarded with monoenergetic

electrons of variable energy and the total X-ray emission in-

tensity is monitored , thresnold b e hav i o r  in  the  X — r a y  e rr i s S ia n

corresponding to the onset of core level excitations. Although

the onset  of these  a d d i t i o n a l  X-rays  can be qu i t e  sudden , the

a d d i t i o n a l  i n t e n s i t y  is small  compared w i t h  the back cr ounch  X - r a y

i n t e n s i t y  due to i3r emss t r a im lun g  r ad ia t ion , m a k i n g  d i rect  nn ci -

surements of electron bindinip energ ies rather difficult 4 8 . Ex-

perimentally, this difficulty inas been overcome- hi using poten-

tial modulation and phase sensitive detection technic;n-cs enabling

measurements of the first or second derivatives of the total X-ra~

emission intensity to be made
49

. By Lacing such derivatives the

slowly varying background X - ra y  i n t e n s i t y  can be e l i m i n a te d , w h i l e

the  sudden t e i i a -sho le i  b ehav io r  is enhanced  and  can be ~inn ~~l i f ie d  ~il-
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lowing for easier measurements  of tine core e lec t r o n  L - n e i i i : i g

energies. To date , most measurements have h~~- u n c  f l in - ( c - n o n  m e n - i c :

ene r g ies below 1000 eV and as the mean free- n- atm f~~r ic e . l n - s t i c

scattering in solids for electrons in this e - l n e - r ; - 2 l r a ! ;e 15 IeSii

ti-nan about 2 nm , APS probes the surface re- g i nns of solids ti -

lowing i d e nnt i f i c a tion of c e r t a i n  e l emen t s  in those  re- p i - m n c ; . i l e —

ments reported to produce good APS sn -n - c t  a n -  so f a r  l i o n- -  he-c -n

l i sted in a periodic table 49 .

Wi th cer ta in  assumptions , the (nea r  th r e s h o ld)  exci ta t i cn

cross section in APS in proportional t o  the s e l f - c o n v o l u t i o n  of

the density of empty states above the Fcrnmc i level
48

. For the 3d

transition metals the Fermi level usually lies within a relatively

siiurp, structured d—band which is superimposed on a broad free—

ele-ctron like 4s band . If such a connduction band is represented

by a series of r e c t a n g u l a r  f u n c t i o n s , ti -n e s e l f — c o n v o l u t ion  is a

series of ramp portions , and its derivative would consist of a

pe ak , a s, m r e w m n a t  smal le r  u n d e r s h o o t  and a step for each core level

excited 48. Indeed , such first derivative APS peaks have been ob-

served for the 3d transition metals , the width of the peak de-

creasing with atomic number corresponding to ti-ne filling of the

3d band 50. In Cu , the d band is full and no peak is observed 51 .

The shapes and heights of these peaks are affected by oxidation -n

and provide useful information about unoccupied energy states49 .

1. Quantitative aspects

Although the derivative AP S peaks of ti-ne 3d transition me—

t a l s  have bee n n - n -t a  u ’ ;u e-cm , t h e i r  re la t ive  si g n a l  s t r e ngt h s  h o d

60

- - 
- 

~~~~~~~~ -- ~~~
-

~~~
- -—---— - :  a.



- - - S  - - -~~~~~~~~ 
- - - --

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

not  ce- c rc  nn - - n - r t e d .  In t h i s  contrac t  ti -ne i-u la t ive  L and L sof t

N—ray a~ -~ - cn -  m n - m e e t -  p - o t n - n n t i a l  spcctroscopy si gnal  s t r e n g t h s  were mea—

u gr e c c i  f o r  p a r .  Ti , V , l- ’e , Co , h i  and Cu us ing  a gold p la ted  photo—

cat  lic n-k d c l -  n - t m  - Tn-c peak-to—peak si g nal s tren g t h s  ob ta i ned

L f e f l  l i c g i m  ~SaLC t L u n c  il/ i t  data vary  marked ly  between elements ,

n-i tic c nn - i - . a m :  c~ U 1 J  for  Cu , Fi gu re 23.  ( d I/ dE  is the f i r s t

-~o - e  i v n - t n v c  of t h e- r c s - n - s u a~- H co ll ec to r  c u r r e n t ) .  These signal

s t a n - n c - ;  ths c- old on- n - S t -i as a basis for semi—quantitative analy—

un s of Ti , ‘ , l-~ - , Co and hi , bu t n-not of Cu as it gives no peak .

he r ann accurate dcte-rminnation of the concentration of one of

these elements at a particular surface , its APS peak si-nape would

in-ire to re ici e-;ntical to that of t O m e met a l  or some stan da rd , but

t hi s  is o f t e n  not poss ib le  as changes  in tine dens i ty  of states

Of t i t t a  u n f i l le d  3d band due to d i f f e r en t chemical  environments

are reflected in ti-ne APS peak shape 49 .

In an earlier APS study undertakein to resolve apparent dis-

crepancies between-n the sensitivities of APS and AES to Ti and 0,

it was shown t h a t  if the APS signal strengths were measured away

f rom t l nr csho id , ra ther  than by measuring ti-ne thresinold peak—to-

pc-ak signa l  s t r eng ths , such discrepancies were removed 45 . In

ti-n e cas e of the 3d tr a n s i t i o n  me ta l s , one would then be measuring

the APS signal strength from the unfilled density of states of

tim e free-electron like 4s band , and would not be subjected to

the effects of the structured 3d band . In a first derivative

An-S spectrum , the si gnal due to the unfilled 4s states appears as
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Figure  23 - Relative L and L2 APS signal strengths of Ti , V ,
Fe , Co, Ni and Cu meas~ red as tine peak-to-peak deflections
of their first derivative spectra . No peaks were detected from
Cu.
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a small increase in the dc si gnal  level r e l a t i v e  to t i -n a t  be-

fore threshold. This small change in dc signal level Cain bes t

be measured by integrating the derivative data once , and then

measuring the slope of the signa l above the threshold struc tu re .

As the and L2 APS peaks overlap for Ti an-nd V , meas uremen ts of

the combined (L
3 and offsets for all ti-ne metals studied were

made , the resul ts be ing shown in Figure 24. Note that whereas

the APS signal strengths measured from the derivative dctt ,n sine-we-i

large variations in signal strengths between elements , si g n a l

strengths measured from the integrated data show little va ri a-

tion between elemen ts , ev e: It ’~ Ccc i-chic J i had no :-~ a~ c s  J r .  r /

d er i v a t i ve  i n - t a .  Other advantages for obtaining A 1 S  s i g n a l

s t rengths  from such ( i n t egr a t e d )  data  are : less dep endence  in -c

to chemical e f f e c t s  on l ine  s h a p e-s and ti -ne s h c p le- c o r rec t  ion c~~

signal strengths for potential modulation distortion , hc m i  al-

ready been applied to corresponding A L S  studies (set- Pecti n -c h A )

Measurements of the r e l a tiv ~- L 3/L 2 
s i -p n a i  s t c e n u t i e s  we-r e al-

so made in this contract. The ratios obtaimneci from p c - ak — t o -

peak heights of the d e riv a t i v e  d at a  a re  3 1  s t t -d in T a b l e  .3 n-end

compare f avo rab ly  w i t h  s i m i l a r  r : c- - n s u r e m e n t  0 r - ~-ertc - cl earlier for

the 3d t r ans i t i on  m e t a l s 50 . No peak-to-p en-k measurements were

possible for Cu due to the lack of p e - i k s  a t  thrcshole?.  It  can be

seen that ratios obtained in this manner d ev iat t  from ti-ne ex-

pected intensity ratio of 2 based on the statistical weighting
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2j + 150. Some of this deviation is due to the method of measure-

ment , the L 3 and L2 peaks overlapping for the lighter atoms and

their having different line-widths for the heavier atoms50 . The

selection rules for the radiative decay of 2p holes may also be

j-dependent 52. In this work , integration -n has been applied to

measure the L 3j L 2 si g n a l  s t r e n g t h  r a t i o s  fo r  hi c n - i  Cu from the

near threshold slopes of the integrated spectra . For these two

me tals ti-ne L3 and L2 thresholds are well sc-parated allowing ac-

cura te measurements to be made by in-n tecjration . For both Ni and

Cu tne L3/L2 signal s t r e - m m 1 t i m  r a t i o s  m e a s u red  f r o m  the above—thresh-

old siopes are a p pr o x im a t c - l p  2. Further details of these quantita-

tive aspects of An-S cain be read in Reference 53 .

TABLE 3

L~ /L2 
An -S 5 I ;N A I ,  PTRI- ~NGTi I RATIOS FOR S O-IL 3d TRANSITION METALS

I nhT\INED Fig P i - A K - T0 - P E AK  HEIG H T MEASUREMENTS IN FIRST DERIVA-
TIVE An - S  S P L C T n - A .

M e t a l  L3/L 2 ra t io

~ 2 Ti 1.8
23 V 1.7
26 Fe 2.0
27 Co 2 . 5
28 N i  3.9
29 Cu a

~
iCannot ue measured from first derivative APS spectrum .

2. Comparison with Auger electron spectroscopy

One problem encountered during the contract was the de-

tection of Mn in 1 . 4 %  Mn steel using Auger electron spectroscopy .

65
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The problem was due to the fact ti-nat the main Mn and Fe Auger

peaks overlap almost completely prohibiting the direct detec-

tion of such small concen tra tions of Mn. When spectrum sub-

traction techni iues were applied to the Auger data , however ,

the Mn Auger features were readily resolved and the surface con-

centration of Mn was estimated as 1.7% using standard Auger sen-

sitivity factors.
1

APS is a useful technique for studying the first row of

transition metals and was therefore applied to thir same sys-

tem for comparative purposes. APS measurements indicated that

the surface concentration of Mn was about 2.0% in close agree-

ment with ti-ne Auger result. It should be mentioned that the APS

data were obtained using an electron emission current of 2m A .

The use of larger  emiss ion  c u r r e n t s , e . g .  4mA , caused Mn to seg-

regate to the surface. APS then showed a surface concentration

of about  6~ Mn , which was conf i rmed by subsequent  Auger  a n a l y s i s

which  showed 5 . 5 %  Mn.

B. Secondary Ion Mass Spectroscopy

An energy filter was constructed and mounted on an existing

qu adro pol e residual gas ana lyz er to enable secondary ion mass

spectroscopy ( SIMS )~~
4 measurements to be made in the scanning

Auger microprobe system . The dynode-type electron m u l t i p l i e r  was

also replaced by a channeltron-type for better amplification .

The channeltron was mounted on axis and phase sensitive detection
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Figure 25 - SIMS spectrum of negative ions emitted by Al sur-
face under argon ion bombardment.

67

-_ 
~~~~~~~~~~~ - --=~~ -~



-~~~~- - ~~~~~~~~~~~~~~~~~~~~~~

techniques were used to measure the SIMS spectrum . Ti-ne modu-

lation was applied to a lens in the energy filter. An example

of a negat ive ion SU1S spectrum obtained f rom an aluminum sam~-

pie wi th  th i s  system is shown in Fi gure 25 .  If  a raster and

gating circuit is construc ted , good depth p r o f i l e s  wi th SIMS

should be obtained .

C. X-ray Photoelectron Spectroscopy

A system16 was also constructed to enabl e X-ray  Photoelec-

tron spectroscopy (xPS)
55 

measurennents to be made under ultra-

hi gh vacuum conditions. One important advantage of this experi-

mental arrangement is that XPS measurements can be made on small

arc-as of samples (<1mm ) - ‘ selected area XPS . XPS has been use-

ful in a number of studies where electron beam interactions with

surfaces were significant. In fact , XPS was used to monitor the

decomposit ion of CO on n : i c - t a l s~~~ by m e a s u r i n g  t i e  b in n i i n g  energ ies of

the component XPS p~-aks.

1. Standard XPS spectra

As no handbook of N I P  spectra exists a program w a s  begun to

bu i ld  a l i b r a r y  of XPS spectra  from the e lements  under  medium

(4eV) and high (1eV) energy resolutions. Spectra from C,N ,0,Ng,

Al , Ti , V , Fe , Co , Ni , Cu , Nb , Mo , Rh , Pd , Ag, Sn , Ta , ~~~~, Re ,

Ir , Pt a nd Au have been documented so f a r .  These data have proven

valuable in studying complex systems where tine identification of

XPS peaks required careful analysis of the data .
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2. Comparison with Auger electron spectroscopy

A detailed study was undertaken to compare electron ex-

cited Auger signal strengths , X-ray excited Auger signal strengths

and XPS signal strengths for a particular system , namely clean

nickel and heavily oxidized nickel. It was found that if sig—

f l a ls t r e n gth s  of raw da ta  were used the ra t ios  of signal strengths

for corresponding features from nickel oxide and nickel varied

widely depending on the particular feature chosen , but if ap-

propriate integrations of the raw data were carried out the ratios

obta ined were all  essen tia l ly  the same , namely about 0.85. To

i l l u st rate th i s , the results obtained from X-ray excited data

are listed in Table 4. Further details of this study can be read

in R e f e r e n c e s  16 and 23 .

TABLE 4

RA TIOS Of’ ) i~ m ? L S 1 ’ n I h D i N G  Ni XLS OR X-RA Y EXCITED /iES SiGNAL
STRLNcYP }lS  O F T A T N E D FROM h E A V I L Y  O X I D I Z E D  Ni TO CLEAN N i .  RATIOS
I~i :R E  OBT AIJI ;D USING PEAK HEI GHTS ABOVE BACKGROUND IN THE RAW DATA
A ND ALSO U S I N G  INTEGRALS OF THE PEAKS . NOTE THAT THE RATIOS OB-
I i  I i i)  I-’ROM PEAK HEIG H TS VARY CONSIDERABLY FROM DIFFERE NT AES OR
XPS FEATURES , BUT THAT THE RATIO S OBTAINED FROM THE INTEGRALS DO
NO T. VALUES OBTAiNED FROM TWO EXPERIMENTAL RUNS ARE GIVEN .

AES or XPS Rat io  using Ratio using
f e a t ur e peak heights  in teg rals

0.39
1/2 0 . 4 - h

- 0.51 0.82
3/2 0.52 0.85

L 3M 2 3V 0.76 0.85
0.81 0.85

L VV 0.69 0.81
0.71 0.82

3s 0.7
0.7

3p 0 . 8 0  0. 88
0.82 0.88

Va le nce band 0 . 7 6  0 . 8 9
0.81 0.88
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SECTION V

DEPTH PROFILE AN ALYSES

The techniques developed during the course of this con-

tract have been demonstrated on a number of samples provided by

the Air Force. Samples studied include sulfur implanted in Un -A n- ,

Zn implanted in CuInSe2 ,  Si photodiodes , Be gyro bear ing t h rus t

plates, laser impacted Al alloy , detection of Sr in adhesive

bond ing compounds , and chrome—boelimite filler used for M50 t ank

bearings.
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SECTION VI

CONSTRUCTION AND MAINTENANCE OF EQUIPMENT

During the course of this contract equipment had to be de-

signed and constructed in order to fulfill the requirements of

the cont rac t . Some of those items included ( a )  an e lec t ron ica l ly

t i m ed  Ti ge t t e r  power supply  to e l imina t e  e lec t r ica l  noise caused

by mechanical clocks , (b) d.c. level shifter delay , ‘PLOT ’ and

‘SKIP’ circuits for multiplexing, (c) a bake-out control for the

uitra-hiqh v a c u u m  s ys tem , ( d )  a 5kv ion bombardment gun power

supp l y ,  (e )  analog integrators , (f) a crystal oscillator for

m on i t o r in 0  t n I i n  f i l m  growth , ( g )  an interface for a Nicolet

si gna l  a veiager , (h~ an automatic filament current control for

appearance po ten t i a l  sp ectroscopy,  (i) buffer amplifiers for in-

t e r f a c i n g, ( j )  a power supply for high resolution XPS measure-

ments , (k) a collector circuit for an electron nnultiplier , (1) a

scanning sample positionc-r for sample alignment  in XPS , ( m)  a

set of cic-flectors for ion gun rastering , (n) a set of deflectors

f n - r  e l e c t r o n  Lo am r a s t er i n g ,  (0)  a n en e rgy  f i l t er for  SIMS , and

( p )  c o m p o n e n t s  for  electron energy analyzers.

The e~ ui pment used in the course of ti-ne contract was also

grope-n y maintained . Items of vital importance included vacuum

sys tem s and components , electron and ion guns including fila-

: ; o m i L  r e E l  icec ient , n -n - c l  the machining of ceramics to repair d ee—

~ron spectrometers.
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SECTION VI I

LIST OF PUBLICATIONS

The following papers are based on work ca r r i ed  out  under

this contract and have been published in scientific journals.

1. “ Ion Exc i ted  ~uger Spectra of Aluminum ” , Phys . Lett e rs
4 7 / i , 317—318 (1974).

2 .  “ Co r rec t ions  of Auger Electron Signal S t rengths  for
Mod u la t ion  Ampl i tude  Dis tor t ion  in a 4-Grid  Re ta rd ing
Potential Energy Analyzer ,’ Surface Sci . 44 , 617-62 3
( 1974 ) .

3. “An Easy Method to Accurately Align Ion Bombardment
Guns  f o r  Den-t in  P r o f i l i n g  in Auger  E l ec t ron  Spec t ro—
scopy ,” Rev. Sci. Instrum . 45 , 1113—1114 (1971).

4 .  “ Use of Analog I n t e g r a t i o n  in Dynamic B a c k g r o u n d  Sub-
traction for Quantitative Auger Electron Spectroscopy —

Study of CO on M o ( l l 0 ) ” , Surface Sci. 46 , 672—675
( 1 9 7 4 )

5. “Chemical Effects in-n tine M ,- NN Auger  S p e c t r u m  of M o( 1 10 )
Due to Ac~orption of 02 aná ’~ O” , J. Vac. Sci. Technol. 12 ,
325—328 (1975) .

6. “Comparison of Auger Spectra of Mg , Al and Si E x c i t e d
by Low Energy Electron and Low Energy Arcjon Ion Bombard-
ment ” , J. Vac . Sci . Technol. 12 , 481—484 (1975).

7.  Spectrum Subt rac t ion-n  Techni ques inn Auger  E l ec t ron  Spec-
troscopy ” , Surface Sci. 51 , 318—322 (19Th).

8. “Comparison of Mg L2, MN Auge r Currents Using Electron
and Ion Excita tion ” , P~ ys. Letters 54A , 167 ( 1 9 7 5 ) .

9. “Some Factors Affecting Depth Profiling Measurements
Using Auger Electron Spectroscopy ” , Surface Sci. 51 ,
328—332 (1975)

10. “Appearance Potential Spectroscopy : Relative Signal
Strengths from 3d Transit~ on Metals ” , Sui face Sci. 51 ,
433—440 (1975).
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11. “Auger Current Measurements for Quantitative Auger
Electron Spectroscopy of Solids ’ , J. Colloid Interface
Sci. 55 , 370—376 (1976)

12. “Electroluminescence in Br , Cl and Zn Implanted CuInSe2p—n Junction Diodes ” , App l. Phys. Letters 28, 214—216
( 1 9 7 6 ) .

13. “Some Aspects of an AES and XPS Study of the Adsorption
of 02 on Ni” , J. Vac . Sci. Technol. 13 , 296—300 (1976).

14. “ Oxygen KLL Auger Spectra from 0~, and CO adsorbed on N i ” ,
Solid State Commun . 19 , 111—113 ‘~l 9 7 6 ) .

15. “Auger Electron Speetroscopy Studies or CO on Ni(110) -
Spectra l  Line Shape s and Q u a n t i t a t i v e  Aspects ” , Surface
Sci. 55 , 741—746 (1976).

16. co-:-k~tal Bond Characterization Using Auger Electron
Sp e c t r - s- - - - : - y ’ , J. Electron Spectroscopy 9, 93—97 (1976).

17. “The A i -: ~ic ition of Tailored Modulation Techniques to
~ - L ~~ th Pro~~iiin o With Auger Electron Spectroscopy ” , Sur-
face S - i .  60 , 1—12 (1976).

18. “ Au-;~~r Lk e-c~~~~-n Spectroscopy of Solid Surfaces ,” in “Ad—
‘:t:c --s L o  ~ :~~~r a c t er iz a tio n  of Metal and Polymer Surfaces” ,
eLi . 11. H .  I c ~-e (Academic Press , New York , 1977) pp. 133— 154.

i~~. ‘ T iu -  Use ~ t A u ;e-r  Electron Spectroscopy to Characterize
t :~~ - A i<o r ;ta on of CO on ~~ansi t ion  Meta l s , Sur face  Sci .
62 , 21— 30 (1)77).

2 0 .  ; : n- Ion  1:~i~ l a in t a t i on  P r o f i l e s  in CuInSe 7 by Auger  Elec—
t r  -n Spec t roscopy” , J. App l .  P h y s .  48 , ~ 7— 72 ( 1 9 7 7 ) .

21. “A utumn -tic Correction-n for Effects of Auger Line Shape
C~n n: i ;es on Dep th P ro f i l e s ’ , J. Vac. Sci. Technol., 14 ,
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SECTION V II I

LIST OF PRESENTATIONS

‘F hi e following papers based on work carried out under this

contract were read at scientific meetings.

1. “Quantification of Auger Electron and Soft X-ray Appear-
ance Potential Spectroscopies Using Integration Techniques ” ,
Symposium on Applied Vacuum Science and Technology, Tampa ,
Flor ida , February , 1974.

2. “Recent Developments in Quantification of Auger Electron
Spectroscopy for Surface Studies ” , 2nd International Con-
ference on Solid Surfaces , Kyoto , March , 1974.

3. “Auger Spectroscopy App lied to Solid Surfaces ” , Symposium
on ti-ne Chemistry of Surfaces , Dayton , Ohio , October 1974
( i n v i t e d )

4. “Auger Elect ron Spectroscopy Stud y of the Adsorption of
02 ,  CO and CO 2 on Mo ” , 21st Na t iona l  Symposium of the
A m e r i c a n  Vacuum S o c i e t y ,  Anaheim , October , 1974.

5. “The Production of Auger Electrons by Low Energy Argon
Ion Bombardment of Solids ” , 21st National Symposium of
the American Vacuum Society , Anaheim , October , 1974.

6. “Ion Excited Auger Electron Spectroscopy of Solids ,
Symposium on Applied Vacuum Science and Technology, Tampa ,
Florida , February, 1975 , (invited)

7. ‘ Auger Curren t Measurements for Quantitative Auger Elec-
tron Spec troscopy of Solids ” , 49th-n National Colloid Sym-
posium , Potsdam , June , 1975.

8.  “S tud ies  of the Adsorp t ion  of 0 and CO on Eickel  U s i n g
PLES and XPS” , 22nd N a t i o n a l  Sym ~ osium of the A n er i c a n
Vacuum Society, Philadelphia , October , 1975.

9.  “ Some AES and XPS STudies of the Adsorpt ion  of 02 and
CO on Group VIII Metals ” , 5th Annual Applied Vacuum Science
and Technology Symposium , Tampa , February , 1976  ( i n v i t e d)

10. “ Auger  Elec t ron  Spectroscopy of Solid Sur faces ” , C e n t e n n i a l
American Chemical Society Meeting, New York , A p r i l , 1976
(invited) .
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